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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

O  O 

Laser  action  has  been  obtained  at  ~6900  A  in  the  red  and  ~4900  A  in  the  green  from  crystals 

of  CdSe  and  CdS,  respectively,  bombarded  by  a  beam  of  fast  electrons.  Mode  structure  has 

been  observed  in  the  laser  spectra  of  both  these  materials,  and  the  wavelength  separation 

between  the  modes  agrees  very  well  with  that  calculated  for  the  Fabry-Perot  mode  spacing 

using  the  known  values  for  the  refractive  indices  and  their  dispersion.  In  both  materials, 

the  beam  current  at  the  threshold  for  lasing  did  not  change  significantly  between  nitrogen  and 

2 

helium  temperatures.  For  CdSe,  the  threshold  current  density  varied  from  1.5  A/cm  at 

2 

20  keV  (the  lowest  electron  energy  at  which  lasing  could  be  observed)  to  0.2  A/ cm  at  75  keV 
(the  highest  electron  energy  used),  while  for  CdS,  the  corresponding  values  of  threshold  cur¬ 
rent  were  about  a  factor  of  five  higher.  The  intensity  in  all  samples  saturated  at  high  cur¬ 
rents,  presumably  because  of  heating  —  e.g. ,  for  50-keV  electrons  at  about  1.6  A/cm  in 
CdSe,  and  6.5  A/cm2  in  CdS.  The  current  level  at  which  saturation  occurred  increased 
somewhat  with  increasing  beam  voltage.  For  CdSe  at  50keV,  a  peak  output  power  of  16 

o  ° 

watts  at  6850  A  at  helium  temperature  and  10  watts  at  6915  A  at  nitrogen  temperature  was 
measured,  corresponding  to  over-all  power  efficiencies  of  8  and  5  percent,  respectively. 
The  observed  power  efficiencies  in  CdS  were  considerably  lower,  i.e.,  0.7  percent  at  helium 
temperature  and  0.3  percent  at  nitrogen  temperature,  corresponding  to  peak  optical  powers 
of  10  watts  at  4910  A  and  4  watts  at  4950  A,  respectively,  with  a  70-keV  beam.  Since  there 
is  some  backscattering  of  the  incident  electrons,  and  the  laser  emission  occurred  in  only  a 
few  small  filaments,  the  local  efficiency  is  presumably  even  higher  in  both  materials. 

o  ° 

Laser  action  has  been  obtained  at  8300  A  from  bulk  GaAs  pumped  with  radiation  at  7900  A 
from  a  Ga(As„  „,)  diode  laser.  Potentially,  this  technique  should  be  very  efficient  in 
the  conversion  of  pump  power  to  laser  radiation.  The  resulting  decrease  in  heat  dissipation 
(compared  to  inefficient  pumping  schemes)may  enable  the  design  of  high-power  output  stages 
for  semiconductor  laser  transmitters. 

The  resistivity  of  several  samples  of  n-CdTe  has  been  found  to  increase  with  hydrostatic 

4  2 

pressure  by  factors  of  greater  than  10  between  1  and  28,000 kG/cm  at  room  temperature. 
This  change  in  resistivity  with  pressure  is  too  large  to  be  explained  either  in  terms  of  an  in¬ 
crease  in  average  electron  mass  leither  in  the  (000)  minimum  or  because  of  electron  trans¬ 
fer  to  higher  mass  minima]  or  in  terms  of  deionization  into  hydrogenic  or  deep-lying  impu- 

-6  -2  . 

rities.  The  pressure  coefficient  at  high  pressure  of  12.6  x  10  eV/kG-cm  is  very  close 
to  the  pressure  dependence  for  the  separation  of  the  (000)  and  (100)  band  minima,  and  sug¬ 
gests  the  interpretation  of  these  results  in  terms  of  deionization  into  an  impurity  level  asso¬ 
ciated  with  the  higher  lying  (100)  conduction  band  minimum. 
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II.  OPTICAL  TECHNIQUES  AND  DEVICES 

Measurements  of  the  infrared  radiation  emitted  by  GaAs  in  the  8300  to  9000  A  spectral  re¬ 
gion  when  bombarded  by  a  high-power  density  electron  beam  suggest  that  this  compound  has 
potential  as  an  intense,  high-speed,  high- resolution  phosphor.  In  order  to  evaluate  this  po¬ 
tential,  some  of  the  cathodoluminescence  characteristics  of  GaAs  are  compared  to  those  of 
the  P-11  phosphor.  The  upper  limit  of  emission  intensity  that  can  be  expected  from  GaAs  is 
examined. 

The  search  for  a  material  that  would  be  suitable  as  a  coherent  heterodyne  detector  for  the 

10.6-pCO«  laser  radiation  has  led  to  a  study  of  Mn-doped  GaAs.  Unfortunately,  the  ex- 
Z  -13 

tremely  short  lifetime  (~10  sec)  of  the  excited  Mn  acceptor  level  makes  this  material  far 
more  sensitive  as  a  thermistor  detector  than  as  a  photoconductor  of  high  speed. 

Experiments  are  reported  which  determine  the  probability  distribution  of  the  photoelectron 
counts  for  a  photomultiplier  illuminated  by  a  laser  slightly  below  or  above  the  threshold  of 
oscillation. 


III.  MATERIALS  RESEARCH 

In  order  to  check  the  validity  of  x-ray  scattering  theory  for  broad-band  semiconductors,  the 
x-ray  diffraction  of  powdered  ZnSe  has  been  studied  in  detail.  For  a  number  of  weak  lines, 
there  are  very  large  discrepancies  between  the  calculated  and  observed  intensities.  This 
result  supports  the  contention  that  neglect  of  overlap  terms  is  an  important  source  of  error 
in  the  theoretical  calculations. 

The  investigation  of  the  transport  properties  of  Ti^O^  has  been  continued  by  measuring  the 
resistivity  and  Hall  coefficient  of  single  crystals  containing  low  concentrations  of  nitrogen 
as  the  principal  impurity.  At  4.2°K,  the  magnetoresistance  is  directly  proportional  to  the 
square  of  the  magnetic  field  up  to  170 kG,  the  highest  field  employed.  The  experimental  re¬ 
sults  are  consistent  with  a  previously  proposed  model  according  to  which  mixed  conduction 
occurs  at  4.2°K,  whereas  hole  conduction  takes  place  at  77°  and  273°K. 

Optical  absorption  and  EPR  measurements  have  been  made  on  electron-irradiated  ruby  in 

order  to  determine  why  the  cathodoluminescence  of  ruby  saturates  and  then  decreases  as  the 

exciting  electron  beam  current  is  increased.  Preliminary  results  indicate  that  under  irra- 
+3  +2  +4 

diation  the  reaction  2Cr  ^Cr  +  Cr  is  forced  to  the  right.  This  could  account  for  the 

+2  +4 

decrease  in  cathodoluminescence,  since  neither  Cr  nor  Cr  fluoresces,  and  it  appears 

+4  +3 

that  Cr  quenches  the  fluorescence  of  Cr  . 

The  outer-electron  configuration  for  cv-iron  has  been  determined  from  the  magnetization,  g- 
factor,  and  symmetries  of  electron-  and  spin-density  form  factors.  Lack  of  complete  mag¬ 
netization  of  the  3d  bands,  together  with  a  knowledge  of  the  magnetic  ordering  in  Cr,  CrMn 
and  a-iron,  provides  information  about  the  nature  of  electron-electron  interactions  within 
a  band  as  a  function  of  the  number  of  electrons  in  the  band.  This  information  is  consistent 
with  evidence  from  several  oxides  with  the  perovskite  structure. 
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IV.  PHYSICS  OF  SOLIDS 

The  study  of  the  room -temperature  reflectivity  of  Re03  is  continuing.  Kromers-Kronig 
analyses  have  yielded  the  real  and  imaginary  parts  of  the  dielectric  constant,  the  effective 
number  of  electrons,  and  the  loss  function. 

The  investigation  of  the  layer  compound  GaSe  has  been  extended.  The  magnetoabsorption 
spectrum  in  the  Voigt  configuration  was  found  to  be  isotropic  for  the  magnetic  field  in  the 
c-plane  and  radiation  along  the  c -axis.  Absorption  measurements  in  crossed  electric  and 
magnetic  fields  have  been  initiated.  Electroluminescence,  as  well  as  magnetic  effects  on 
the  electroluminescence,  has  been  observed. 

Two  series  of  magnetoreflection  oscillations  have  been  observed  in  HgTe,  corresponding  to 
two  sets  of  transitions;  these  results  are  consistent  with  a  gray  tin-like  band  structure  for 
HgTe. 

An  extension  of  the  previous  magnetoreflection  studies  in  bismuth  has  not  only  corroborated 
the  former  work,  but  has  also  revealed  additional  structure;  in  particular,  a  new  series  of 
oscillations  has  been  observed  with  an  energy  gap  =  0. 169  eV  which  corresponds  to  one  of 
the  gaps  reported  by  Esaki  from  electron  tunneling  experiments. 

In  collaboration  with  Professor  A.  Javan  of  the  M.  I.  T.  Physics  Department,  the  low  quan¬ 
tum  number  interband  Landau  level  transitions  in  graphite  are  being  studied  with  a  high- 
resolution  magnetospectrometer  using  a  neon  gas  laser  source.  Substantial  improvement 
has  been  achieved  over  conventional  sources  in  resolution,  line  shape  and  signal-to-noise 
ratio. 

A  best  fit  of  the  experimental  derivative  of  the  microwave  surface  magnetoabsorption  at 
70  GHz  in  p-type  PbSe  with  a  classical  skin  effect  theory,  including  a  finite  relaxation  time, 
has  been  carried  out.  The  values  of  transverse  effective  mass  mt  =  (0.0465  ±0.0015)  mQ 
and  anisotropy  ratio  K  =  n^/mt  =  1.8  ±0.2  required  for  this  fit  are  in  satisfactory  agree¬ 
ment  with  the  results  of  Shubnikov-de  Haas  measurements. 

The  energy  band  structure  of  TiO  in  the  tight-binding  theory  has  been  used  in  an  interpola¬ 
tion  scheme  to  approximate  the  energy  bands  determined  by  APW  calculations. 

The  Fermi  surface  of  thulium  metal  has  been  determined  from  a  nonrelativistic  APW  energy 
band  calculation.  The  computed  Fermi  surface  allows  an  explanation  of  the  c-axis  resis¬ 
tivity  anomaly  observed  in  the  heavy  rare-earth  metals  at  the  onset  of  long  range  periodic 
magnetic  order. 

A  Brillouin-Wigner  perturbation  calculation  and  a  variational  calculation  have  been  made  for 
the  energy  of  the  n  =  1  Landau  level  of  a  polaron  in  a  magnetic  field.  The  calculations  show 
that  as  the  magnetic  field  increases,  the  energy  deviates  markedly  from  the  usual  linear  be¬ 
havior  with  H  and  approaches  a  limiting  value. 

Measurements  of  the  temperature  dependence  of  70-GHz  acoustic  waves  in  quartz  have  now 

4 

been  extended  to  include  transverse  waves.  The  T  dependence  which  was  previously  found 
for  the  longitudinal  waves  is  obtained  also  for  the  transverse  mode,  down  to  10°K. 
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Comparative  data  have  been  obtained  by  pulse  echo  techniques  of  the  performance  of  insulat¬ 
ing  piezoelectric  CdS  film  transducers  relative  to  other  forms  of  acoustic  excitation  in  the 
frequency  range  from  14  MHz  to  70  GHz.  The  CdS  transducers  have  superior  insertion  loss 
characteristics  over  other  common  modes  of  excitation  up  to  9  GHz,  comparable  character¬ 
istics  at  24  GHz,  and  poorer  efficiencies  at  70 GHz  (on  z-cut  quartz). 

A  calculation  has  been  initiated  for  the  classical  ground  spin  state  of  a  magnetic  spinel  with 
nonmagnetic  ions  on  the  A- sites.  Examples  of  this  case  are  ferromagnetic  CdCr^Se^  and 
antiferromagnetic  ZnC^Se^.  Magnetic  resonance  measurements  at  X-band  have  begun  on 
the  ferromagnetic  chalcogenides  whose  DC  magnetic  properties  had  previously  been  inves¬ 
tigated.  First  results  have  been  obtained  in  polycrystalline  CdCr^  on  the  line  width  and 
g-factor  as  a  function  of  temperature  over  the  ferromagnetic  region  as  well  as  the  paramag¬ 
netic  region. 

Relations  have  been  obtained  between  the  coefficients  of  higher-order  temperature-dependent 
terms  in  the  spin-wave  dispersion  relations.  Explicit  expressions  for  these  coefficients 
have  been  obtained  for  the  case  of  a  Heisenberg  model. 

Two  recent  theories  of  the  symmetry  restrictions  on  transport  coefficients  for  magnetic  ma¬ 
terials  have  been  compared,  and  it  has  been  shown  that  one  of  these  is  inconsistent  with  the 
existence  of  the  anomalous  Hall  effect. 

High-power  ruby  laser  scattering  experiments  in  quartz  have  been  extended  to  low  tempera¬ 
tures.  Compared  with  room  temperature,  the  stimulated  Brillouin  threshold  is  only  slightly 
lower,  while  there  is  a  significant  reduction  in  the  stimulated  Raman  threshold.  A  number 
of  combination  lines  belonging  to  different  vibrational  modes  of  the  quartz  lattice  have  been 
observed. 

Incoherent  second  harmonic  scattering  of  ruby  laser  light  in  water  has  been  studied  as  the 
temperature  is  lowered  toward  thefreezing  point.  The  scattering  increases  roughly  linearly 
with  decreasing  temperature  below  room  temperature. 

Possible  origins  of  the  nonlinear  dependence  of  index  of  refraction  on  field  strength,  which 
can  give  rise  to  self-focusing  or  beam-trapping  effects,  continue  to  be  investigated.  It  is 
pointed  out  that  close  to  an  atomic  resonance,  the  real  part  of  the  susceptibility  can  be  a 
strong  function  of  power  level  because  of  saturation. 
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I.  SOLID  STATE  DEVICE  RESEARCH 


A.  ELECTRON  BEAM  PUMPED  CdSe  LASERt 

Laser  oscillations  have  been  obtained  in  CdSe  bombarded  by  a  beam  of  fast  electrons.  Peak 
output  power  in  the  red  (6800  to  6900  A)  in  excess  of  10  W  with  a  power  efficiency  of  better  than 
5  percent  at  both  liquid  helium  and  liquid  nitrogen  temperatures  has  been  measured.  Although 
electron  beam  excitation  has  been  employed  previously  to  pump  several  other  semiconductors,1 
this  is  the  first  report  of  a  high-efficiency,  visible  laser  obtained  with  this  technique. 

Laser  samples  were  prepared  from  high-purity,  single-crystal,  vapor-grown  platelets  of 
CdSe.  The  optical  cavity  was  formed  by  cleaving  along  two  parallel  (1010)  faces,  which  were 
normal  to  the  surface  of  the  platelet  and  parallel  to  the  c-axis.  The  width  of  the  samples,  i.e., 
the  dimensions  of  the  optical  cavity,  varied  from  about  75  to  500  p,  while  all  were  about  1  mm 
long  and  5  to  10  p  thick.  One  of  the  cavity  faces  was  made  reflecting  with  an  evaporated  layer 
of  aluminum,  and  the  samples  were  then  attached  to  the  copper  cold  finger  of  a  dewar  with 
vacuum  grease.  The  electron  beam  of  approximately  0.5-mm  diameter  was  incident  on  the 
platelet  surface,  and  the  radiation  was  emitted  normal  to  the  beam  from  the  unsilvered  cavity 
face.  Current  was  supplied  in  100-  to  200-nsec  pulses  at  a  repetition  rate  of  60/sec. 

Emission  spectra  of  a  CdSe  sample  near  liquid  helium  temperature  below  and  above  the 
laser  threshold  are  shown  in  Fig.  I-l(a-b).  The  spontaneous  line  centered  at  6800  A  corresponds 
to  the  intense  emission  line  observed  by  others  in  photoluminescence  experiments,  *  and  has 
been  attributed  to  an  exciton-ionized  acceptor  complex.2  Above  threshold,  the  Fabry-Perot 
mode  structure  of  the  laser  line  is  observed,  as  in  Fig.  I-l(b).  Note  the  expanded  wavelength 
scale  and  the  hundredfold  increase  in  peak  intensity  over  that  of  the  spontaneous  line.  The  laser 
modes  for  the  same  sample  near  liquid  nitrogen  temperature  are  shown  in  Fig.  1-2.  To  calculate 
the  expected  Fabry-Perot  mode  spacing,  we  use  the  usual  formula  AA  =  A2/ 2 f(n  -  A  dn/dA) 
where  Aq  is  the  photon  wavelength,  I  is  the  cavity  length,  n  is  the  index  of  refraction,  and 
dn/dA  is  the  dispersion,  which  for  CdSe  constitutes  a  large  correction.  From  the  results  of 
Parsons,  et  al.4  for  n  vs  A  in  CdSe,  we  obtain  nQ  =  2.79  and  dn/dA  =  -  5  X  lo’4^"1  at  6845  A  and 
4.2  K,  and  nQ  =  2.75  and  dn/dA  =  —  5  x  10  A  1  at  6915  A  and  77°K.  For  the  cavity  length  of  230  p, 
the  calculated  mode  spacings  are  1.6  A  at  4.2°K,  and  1.7  A  at  77°K.  These  values  are  in  good 
agreement  with  the  average  spacings  of  1.4  and  1.8  A  for  the  spectra  shown  in  Figs.  I-l(b)  and 
1-2,  respectively.  The  spontaneous  and  laser  emissions  at  both  temperatures  are  polarized 
with  E|C,  as  expected,  since  the  transition  with  this  polarization  is  reported2  to  be  the  most 
intense. 

The  beam  current  at  the  threshold  for  lasing  was  approximately  the  same  at  both  nitrogen 
and  helium  temperatures,  and  varied  from  about  1.5  A/cm2  at  20  keV  (the  lowest  electron  energy 
at  which  lasing  could  be  observed),  to  about  0.2  A/cm2  at  7  5keV  (the  highest  electron  energy 
used).  The  intensity  in  all  samples  saturated  at  high  current,  e.g.,  at  about  1.6  A/cm2  at  50keV, 


t  The  work  described  in  this  section  was  supported  in  part  by  the  AF  Avionics  Laboratory  Director’s  Fund,  Item  Nr.  65-86. 
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(a) 


(b) 


Fig.  1-1.  Emission  spectra  from  electron  beam  pumped  CdSe  laser  near  liquid  helium  temperature: 
(a)  below  laser  threshold  (0.  5-mA  beam  current),  and  (b)  above  laser  threshold  (2.  5-mA  beam  cur¬ 
rent).  Electron  energy  is  40  keV.  Sample  dimensions  are  230  pX  7  pX  1mm,  the  first  dimension 
being  cavity  length.  Note  that  emission  intensity  scale  in  (b)  is  100  times  larger  in  absolute  mag¬ 
nitude  than  that  in  (a). 


Fig.  1-2.  Emission  spectrum  for  electron  beam  pumped  CdSe  laser  near  liquid  nitrogen  temperature. 
Electron  energy  is  35  keV  and  beam  current  is  3  mA,  Sample  dimensions  are  same  as  for  Fig.  1-1 . 
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presumably  because  of  heating.  The  current  level  at  which  saturation  occurred,  however, 
increased  somewhat  with  increasing  beam  voltage.  This  is  reasonable  since  the  electron  pene¬ 
tration  depth,  and  therefore  the  active  volume,  increases  approximately  as  the  1.5  power  of  the 
electron  energy,5,6  while  the  input  power  increases  linearly.  The  gross  heating  of  the  sample 
by  the  electron  beam  is  evident  from  the  shift  of  the  emission  wavelength  with  increasing  current, 
as  seen  by  comparing  Figs.  I-l(a)  and  (b).  From  the  published  measurements2  of  the  shift  of  the 
spontaneous  peak  with  temperature,  it  is  estimated  that  the  actual  sample  temperatures  for  the 
laser  spectra  of  Figs.  I-l(b)  and  1-2  may  be  as  high  as  40°  and  100  °K,  respectively.  In  taking 
these  spectra  it  was,  in  fact,  necessary  to  sample  in  time  the  output  pulse  of  the  photomultiplier 
detector  with  the  0.35-nsec  wide  time  "window”  of  a  sampling  oscilloscope  to  minimize  the 
spectral  shift  and  consequent  blurring  of  the  modes  caused  by  heating  during  the  pulse. 

We  have  also  observed  spatial  diffraction  patterns  in  the  laser  emission;  however,  these 
are  generally  complex  due  to  the  existence  of  several  filaments  lasing  simultaneously  and  many 
modes  per  filament.  For  40-keV  electrons,  the  observed  pattern  for  what  was  believed  to  be 
single  filament  emission  gave  a  beam  angle  of  about  10°.  This  corresponds  to  an  emitting 
area  5  p  in  diameter  and  is  thus  consistent  with  the  penetration  depth  of  40-keV  electrons.5,6 

The  peak  output  power  at  saturation  increased  with  increasing  beam  voltage  up  to  about 
50  keV  and  remained  constant  thereafter.  At  this  voltage  and  the  saturation  current  of  4  mA 
(1.6A/cm  ),  the  peak  optical  power  obtained  from  a  sample  with  a  500-p  cavity  length  was 
approximately  1  6  W  at  helium  temperature  and  10  W  at  nitrogen  temperature.  This  corresponds 
to  over-all  power  efficiencies  of  8  and  5  percent,  respectively,  which  is  more  than  an  order  of 
magnitude  higher  than  that  observed  in  electron  beam  pumped  CdS  lasers  (see  Sec.  I-B).  Since 
the  laser  emission  took  place  in  only  a  few  small  filaments,  the  local  efficiency  is  presumably 
even  higher. 

C.  E.  Hurwitz 


B.  ELECTRON  BEAM  PUMPED  CdS  LASERt 

7  8 

Basov  and  coworkers  *  have  reported  directionality,  superlinearity,  and  line  narrowing 

of  the  photon  emission  from  CdS  crystals  excited  by  a  beam  of  fast  electrons  and,  recently, 

9 

Benoit  a  la  Guillaume  and  Debever  reported  laser  mode  structure  and  directionality  at  4.2° 
and  20  °K  with  this  method  of  excitation.  We  have  independently  obtained  laser  oscillations 
with  well-defined  cavity  modes  and  spatial  diffraction  patterns  in  electron  beam  pumped  CdS 
at  4.2  °K  and  also  at  77  °K.  In  addition,  we  have  measured  a  peak  output  power  of  10  W  at  4910  A 
with  an  efficiency  of  better  than  0.5  percent. 

Laser  samples  were  made  from  high-purity,  single-crystal,  vapor-grown  platelets  of  CdS. 
The  geometry,  preparation,  and  mounting  of  the  samples,  and  the  experimental  arrangements 
are  as  described  in  Sec.  I-A. 

The  emission  spectra  shown  in  Fig.  1-3  for  three  different  beam  currents  clearly  show  the 
onset  and  development  of  laser  action  in  a  CdS  sample  near  helium  temperature.  Note  the  rapid 
increase  of  emission  intensity  with  a  small  increase  in  current  and  the  formation  of  well-defined 


t  The  work  described  in  this  section  was  supported  in  part  by  the  AF  Avionics  Laboratory  Director’s  Fund,  Item  Nr.  65-86. 
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Fig.  1-3.  Emission  spectra  from  electron  beam  pumped 
CdS  at  liquid  helium  temperature  below  laser  threshold 
(spontaneous  line),  at  threshold,  and  well  above  thresh¬ 
old.  Sample  dimensions  are  42  p  X  17  p  X  1  mm,  the 
first  dimension  being  cavity  length.  Beam  energy  is 
40  keV.  Note  multiplicative  factors  which  have  been 
applied  to  magnitudes  of  emission  intensities. 


1 3-85-4665(2)1 
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Fig.  1-4.  Emission  spectrum  from  electron  beam  pumped  CdS  laser  at 
liquid  nitrogen  temperature  showing  cavity  modes.  Electron  beam 
energy  40  keV  and  beam  current  7  mA.  Sample  dimensions  are  same 
as  for  Fig.  1-3. 
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cavity  modes.  The  spontaneous  line,  which  for  these  samples  was  by  far  the  most  intense  line 

in  an  otherwise  complicated  spectrum  typical  of  CdS,  is  most  probably  the  so-called  I,  line  of 

1011°  * 

CdS,  which  at  4.2°K  is  observed  '  at  4888  A,  and  which  has  been  associated  with  an  exciton 

1 0 

bound  to  a  neutral  acceptor.  Both  the  spontaneous  and  laser  emission  are  polarized  with  ElC, 

1 0 

as  expected,  since  the  1^  transition  is  active  only  for  this  polarization.  The  laser  modes  at 
liquid  nitrogen  temperature  are  shown  on  an  expanded  scale  in  Fig.  1-4.  At  both  temperatures 
there  was  considerable  heating  of  the  samples  by  the  electron  beam,  as  evidenced  in  Fig.  1-3 
by  the  shift  of  the  spectral  peak  with  increasing  current.  The  time-resolved  spectroscopic 
technique  described  in  Sec.  I-A  was  employed  to  minimize  the  transient,  thermally  induced 
spectral  shift  of  individual  modes  during  the  pulse. 

In  calculating  the  expected  Fabry-Perot  mode  spacing  we  must,  as  in  the  case  of  CdSe,  take 
into  account  the  very  large  dispersion  dn/dX.  From  the  detailed  results  of  Langer12  for  n  vs  X 
in  CdS,  we  obtain  nQ  =  2.88  and  dn/dX  =  -3.64  X  10“3  A"1  at  4910  A  and  4.2°K,  and  nQ  =  2.85  and 
dn/dX  =  —2.20  X  10  3  A  ^  at  4950  A  and  77  °K.  For  the  cavity  length  of  42  p,  the  usual  formula 
yields  mode  spacings  of  1.38  A  at  4.2°K,  and  2. 13  A  at  77°K.  These  values  are  in  excellent 
agreement  with  the  average  spacings  of  1.35  and  2. 15  A  for  the  spectra  shown  in  Figs.  1-3  and 
1-4,  respectively. 

The  threshold  characteristics  and  the  saturation  of  the  emission  intensity  at  high  current 
are  very  similar  to  those  reported  in  Sec.  I-A  for  CdSe,  except  that  the  beam  current  levels 
are  considerably  higher  in  CdS.  For  40-keV  electrons,  the  threshold  was  3  mA  (1.2  A/cm2)  and 
saturation  occurred  at  15  mA  (6  A/cm  ).  The  latter  effect  is  presumably  due  to  heating.  At 
75keV  and  a  saturation  current  of  about  20  mA,  a  peak  output  power  of  10  Wat  helium  temperature 
and  4  W  at  nitrogen  temperature  was  measured,  corresponding  to  over-all  power  efficiencies 
of  0.7  and  0.3  percent,  respectively.  However,  since  the  laser  emission  occurred  in  only  a  few 
small  filaments,  the  local  efficiency  is  presumably  much  higher. 

Spatial  diffraction  patterns  from  the  CdS  laser  emission  were  also  observed.  The  smallest 
observed  pattern  gave  a  beam  angle  of  4  °  in  the  direction  normal  to  the  excited  surface  and  6° 
parallel  to  this  surface,  corresponding  to  an  emitting  area  7.5  jjl  high  and  lip  wide.  The  former 
is  consistent  with  the  electron  penetration  depth,  which  at  50  keV  is  5  to  10p.13'14 

C.  E.  Hurwitz 


C.  LASER  ACTION  IN  BULK  GaAs  OPTICALLY  PUMPED 
WITH  A  Ga(As0  94PQ  Q6)  DIODE 

In  order  to  obtain  the  largest  possible  output  power  from  lasers,  they  must  be  operated  at 

maximum  efficiency.  One  technique  to  produce  efficient  laser  action  is  monochromatic  optical 

pumping,  where  the  incident  energy  corresponds  to  a  pumping  band  of  the  laser  material  and  is, 

preferably,  only  slightly  larger  than  the  energy  of  the  lasing  transition.  The  feasibility  of 

monochromatic  optical  pumping  was  demonstrated  by  an  experiment  in  which  CaF:U+3  was 

1 5 

successfully  pumped  with  an  array  of  GaAs  laser  diodes.  This  led  to  an  attempt  to  produce 
a  more  efficient  laser  output  stage  by  using  an  array  of  (Ga^Inj  ^)As  diodes  to  pump  YAG:Nd43 
(yttrium  aluminum  garnet  doped  with  neodymium).  However,  the  yield  of  diode  lasers  whose 
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Fig.  1-5.  Spectral  relationship  between  (a)  bulk  GaAs  spontaneous 
emission,  (b)  bulk  GaAs  laser  emission,  and  (c)  emission  from 
Go(Asq  94 Pq  q^)  pump  laser.  Amplitudes  are  adjusted  for  ease  in 
comparison. 


Fig.  1-6.  Relative  GaAs  emission  vs  Ga(AsQ  pumping  emission. 
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emission  matched  the  8750  ±  50  A  pumping  band  of  YAG:Nd  was  very  small  and  it  was  not 
feasible  to  fabricate  arrays  of  these  pump  (Ga^n^  x>As  lasers. 

In  this  section,  we  wish  to  report  laser  action  in  p-GaAs  pumped  with  a  Ga(AsQ  94PQ  Q6) 
diode  laser.  Experiments  by  Phelan  have  indicated  that  an  InSb  bulk  laser  can  be  optically 
pumped  by  a  GaAs  diode  laser  with  essentially  100 -percent  quantum  efficiency.1 6  On  this  basis, 
it  should  be  possible  to  optically  pump  semiconductor  lasers  with  a  power  efficiency  of 
v output^ pump*  The  ener8y  of  the  PumP  emission  should  be  larger  than  the  band-gap  energy 
of  the  bulk  semiconductor  being  pumped,  i.e.,  >  Eg;  but,  while  the  efficiency  of  the 

output  stage  will  be  reduced  slightly  as  the  energy  of  the  pump  emission  is  increased  above  E 

,  -3  g' 

the  pump  energy  is  no  longer  critical,  as  in  the  pumping  of  the  YAG:Nd  V  If,  however,  the 
energy  of  the  pump  emission  can  be  tailored  so  that  its  absorption  coefficient  in  the  pumped 
bulk  material  is  of  the  order  of  the  thickness  of  this  latter  material,  the  population  should  be 
inverted  over  a  "large"  volume,17  and  lasing  may  be  induced  in  the  direction  parallel  to  that  of 
the  pump  emission.  In  the  experiment  described  below,  the  laser  pump  radiation  impinged 
on  the  surface  of  a  GaAs  rectangular  parallelepiped  and  the  induced  laser  radiation  was  emitted 
perpendicular  to  the  pump  radiation. 

An  experimental  arrangement  similar  to  one  described  by  Phelan19  was  used  to  position 

the  sample  and  pump  diode.  The  GaAs  sample  (p  =  4  to  5  X  10 18  cm”3)  and  the  Ga(As,  P  ) 

1  -x  x 

pump  diode  were  mounted  on  copper  heat  sinks  in  contact  with  liquid  helium,  and  a  cylindrical 
quartz  lens  was  used  to  increase  pump  power  density  of  the  sample.  Radiation  emanated  from 
a  1  -mm  long  Fabry-Perot  cavity  formed  by  two  cleaved  (llO)  faces.  In  order  to  avoid  the  effects 
of  heating,  the  current  was  applied  to  the  pump  diode  in  50-nsec  pulses. 

The  spectral  relationship  between  the  Ga(As1-xP  )  pump  diode  and  the  pumped  GaAs  is 
shown  in  Fig.  1-5.  The  amplitudes  are  adjusted  for  ease  in  comparison.  The  measured  spectral 
width  of  both  the  pump  diode  and  the  GaAs  during  lasing  is  due  to  the  limited  resolution  of  the 
prism  spectrometer.  In  Fig.  1-6,  the  intensity  of  the  laser  emission  from  the  bulk  GaAs  is 
plotted  as  a  function  of  the  intensity  of  the  emission  from  the  pump  diode.  Note  that  above  7 
on  the  input  scale  of  Fig.  1-6,  the  laser  emission  from  the  bulk  is  a  linear  function  of  the  emis¬ 
sion  from  the  pump  diode  and  the  efficiency  is  constant.  Work  is  now  under  way  to  measure 
the  absolute  value  of  this  efficiency  and  to  determine  whether  the  output  increases,  as  expected, 
when  an  array  of  pump  diodes  is  used. 

R.  H.  Rediker 
J.  H.  R.  Ward 

D.  EVIDENCE  FOR  IMPURITY  STATES  ASSOCIATED  WITH  HIGH  ENERGY 
CONDUCTION  BAND  EXTREMA  IN  n-CdTe 

The  resistivities  of  several  samples  of  n-CdTe  have  been  found  to  increase  by  factors 
4  2 

greater  than  10  between  1  and  28,000  kG/cm  at  room  temperature.  The  interpretation  of 
these  results  in  terms  of  deionization  into  an  impurity  level^  yields  a  pressure  coefficient  for 
the  separation  of  this  level  from  the  lowest  (000)  conduction  band  large  enough  to  suggest  that 
the  level  is  associated  with  the  higher  lying  (100)  conduction  band  -  a  model  originally  suggested 
by  Paul20  to  explain  Sladek's21  results  on  n-GaAs. 

tit  should  be  pointed  out  that  the  pumped  GaAs  does  not  have  the  advantage  of  the  longer  storage  time  of  YAG:Nd+^. 

tThe  word  “impurity”  is  taken  to  mean  any  deviation  from  perfect  periodicity  in  the  crystal,  i.e.,  it  includes  stoichiometric  defects 
as  well  as  chemical  impurities. 
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Twelve  samples  of  n-CdTe,  similar  to  those  described  by  Segall,  Lorenz  and  Halsted, 
were  measured.  All  the  samples  show  the  same  qualitative  characteristic  of  a  relative  insen¬ 
sitivity  to  pressure  at  low  pressures,  followed  by  a  sharp  rise  at  high  pressures.  In  h  ig  1-7, 
we  show  the  p  vs  P  relation  for  five  undoped  samples  in  which  a  decrease  in  resistivity  at  zero 
pressure  is  believed  to  be  correlated  with  an  increasing  excess  of  Cd.  The  samples  converged 
to  a  common  resistivity  at  high  pressures.  No  hysteresis  was  observed  between  the  curves  lor 
increasing  and  decreasing  pressure.  The  other  samples,  which  had  been  deliberately  doped 
with  known  impurities  in  most  cases,  showed  a  quantitatively  different  resistivity  dependence 
on  temperature  and  pressure. 

It  is  evident  from  the  fact  that  the  resistivity  increases  exceed  10  that  the  decrease  of 
electron  mobility  caused  by  an  increase  in  average  electron  mass,  either  in  the  (000)  minimum 
or  because  of  electron  transfer  to  higher  mass  minima,  may  be  ignored  initially.  We  have 
therefore  analyzed  these  results  using  a  model  with  a  single  conduction  band  of  state  density 
N  ,  a  donor  level  of  density  Nrf,  and  a  starting  electron  concentration  (resulting  from  compensa¬ 
tion)  of  n  .  The  donor  is  separated  by  an  energy  A  =  Ec  -  Ed  from  the  bottom  of  the  conduction 

band. 


Fig.  1-7.  Pressure  dependence 
of  resistivity  of  n-CdTe. 
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The  conduction  electron  density  n  is  then  given  by  the  expression 

N  . 

n  =  N  exp  [(E~  —  E  )/kT]  =  n  —  - — ; - r— ■ — — — - r—, - - 

c  H  1  f  c  '  J  o  1  +  a  exp  [( Ec  —  E^.  —  A)/kT  ] 

where  Ef  is  the  Fermi  energy,  Ec  is  the  energy  of  the  bottom  of  the  conduction  band,  a  is  a 
degeneracy  factor  for  the  impurity,  and  where  the  approximation  of  Boltzmann  statistics  is  used 
for  the  conduction  band.  This  leads  to  the  following  expression  connecting  A  and  a, 

A(P)  _  Nc  ax(x  —  1) 
kT  “  ln  nQ  ’  1  +  (m-  1)  x 


where  x  -  p/pQ,  PQ  -  (nQep)  1,  m  =  Nd/nQ,  and  p  is  the  electron  mobility  in  the  band.  At  high 
pressures,  x  »  1  so  that 


A(P)  _  Nc  ax 

kT  '  An  n  m  -  1 
o 


A  graph  of  ln  x  vs  P  then  has  a  slope  of  [  3A(P)/3P]/kT,  and  a  zero  pressure  intercept  of 


A(0) 

kT 


-ln 


a 

m  —  1 


From  Fig.  1-7,  the  five  samples  have  identical  values  o'f  9A(P)/9P  in  the  region  of  high 
pressure  of  12.6  x  10  eV/kG-cm  2.  The  intercepts  at  zero  pressure  lead  to  values  of 
[A(0)/kT]  —  [ln  (a/m  —  1 ))  between  0  and  —  0.  5. 

The  first  and  most  important  thing  to  note  is  that  the  pressure  coefficient  found  for  the 
ionization  energy  of  the  impurity  is  far  greater  than  is  expected  for  either  hydrogenic  or  deep- 
lying  impurities.  In  fact,  the  measured  pressure  coefficient  is  greater  than  the  largest  band- 
gap  coefficient  reported  for  CdTe  23  Significantly,  it  is  very  close  to  the  coefficient  found  for 

the  separation  with  pressure  of  the  (000)  and  (100)  band  minima  in  Groups  IV  and  III-V  semi- 

24 

conductors  of  the  same  crystal  structure.  It  seems  possible,  therefore,  that  the  state  of  the 
impurity  into  which  the  conduction  band  is  deionizing  at  high  pressures  is  one  described  pre¬ 
dominantly  by  (100)  band  functions. 

We  should  like  to  know  the  absolute  value  of  A(P).  Unfortunately,  a  and  m  are  not  known, 
so  that  the  zero  pressure  intercept  A(0)  is  uncertain.  Setting  a  =  1  and  m  =  2  gives  A(0)  between 
0  and —0.0125  eV.  This  does  not  mean,  however,  that  the  impurity  level  is  located  at  this  posi¬ 
tion  at  atmospheric  pressure,  since  the  impurity  levels  associated  with  (000)  and  (100)  band 
edges  may  be  perturbed  nonlinearly  as  the  two  band  edges  become  close  in  energy. 

A  more  thorough  examination  of  the  dependence  A(P)  will  require  further  detailed  analysis 
of  these  and  additional  samples.  We  intend  to  examine  samples  with  different  active  impurities, 
where  we  expect  to  find  about  the  same  value  of  9A/9P,  but  different  values  of  [A(0)/kT]  - 
[ln  (a/m  —  1)]  and  of  A(P)  near  P  =  1  kG/cm2. 

Recent  pseudopotential  calculations25  place  the  Xi  (100)  minima  about  2  eV  above  the  central 
T1  minimum,  and  the  minima  1.5eV  above  the  minimum.  If  these  calculations  are  correct. 
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our  interpretation  of  the  present  experiments  implies  a  much  greater  contribution  of  the  (100) 

band  than  we  would  intuitively  expect,  and  it  also  requires  an  explanation  of  why  the  L,  minima 

26  1 

do  not  similarly  contribute.  Also,  the  existence  of  the  Gunn  effect  oscillations  must  be 
explained  either  on  the  basis  that  the  electrons  can  gain  the  1.5  to  2  eV  of  energy  (note  that  the 
fundamental  gap  is  ~1.5eV)  to  reach  the  L1  or  the  minima,  or  that  the  mobility  reduction  is 
caused  by  their  falling  into  impurity  levels.  The  resolution  of  these  problems  should  give  us 
new  insight  into  the  physics  of  the  Gunn  effect  in  CdTe,  the  striking  properties  of  the  impurities 
in  the  present  experiment,  and  the  accuracy  of  the  pseudopotential  calculations. 

It  is  to  be  noted  that  many  members  of  the  germanium  family  —  e.g.,  Ge,  Sn,  GaAs,  InP, 
GaSb,  GaP,  and  AlSb  -  have  conduction  bands  with  nonequivalent  extrema  within  0.5  eV  of  each 
other.  In  these  cases,  we  suspect  the  appropriate  description  of  the  donor  impurity  states 
should  take  more  account  of  the  contributions  of  the  higher  lying  extrema  than  has  been  done 
previously.  The  implications  of  admixture  of  band  functions  from  subsidiary  minima  into 
impurity  wave  functions  for  optical  properties  near  the  fundamental  gap,  especially  recombina¬ 
tion  phenomena,  are  obvious.  Furthermore,  the  possible  existence  of  resonant  scattering 
states  of  the  impurity  at  energy  levels  degenerate  with  the  continuum  provides  an  extra  source 
of  mobility  reduction  which  is  seldom  considered. 

A.  G.  Foyt 
R.  E.  Halstedt 
W.  Pauli 


t  General  Electric  Research  and  Development  Center,  Schenectady,  New  York. 
$  Harvard  University,  Cambridge,  Massachusetts. 
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II.  OPTICAL  TECHNIQUES  AND  DEVICES 


A.  GaAs  -  AN  INTENSE,  FAST,  HIGH-RESOLUTION  CATHODO LUMINESCENT 
PHOSPHOR 

Measurements  of  the  infrared  radiation  emitted  by  GaAs  in  the  8300-  to  9000 -A  spectral 
region  when  bombarded  by  a  high-power  density  electron  beam  suggest  that  this  compound  has 
potential  as  an  intense,  high-speed,  high-resolution  phosphor.  In  order  to  calibrate  this  potential, 
some  of  the  cathodoluminescence  characteristics  of  GaAs  are  compared  to  those  of  the  P-11 
phosphor.  Finally,  the  upper  limit  of  emission  intensity  that  can  be  expected  from  GaAs  is 
examined. 

The  apparatus  used  to  make  the  intensity  measurements  is  very  similar  to  that  reported  on 

1 

by  Cusano.  Beam  bombardment  and  luminescence  measurements  were  made  at  45  °  with  respect 
to  the  GaAs  wafer,  as  shown  in  Fig.  II— 1 .  The  sample  (0.001  inch  thick)  was  alloyed  to  a  heat 
sink  maintained  at  77°  or  300  °K.  The  absolute  emitted  radiation  intensity  was  measured  with  a 
calibrated  925  photodiode.  Beam  dimensions  at  the  sample  (0.015  X  0.020  inch)  were  obtained 
from  infrared  photographs  of  the  cathode  emission.  Figure  II  —  2  is  a  plot  of  the  absolute  emission 
intensity  of  an  n-type  crystal  as  a  function  of  the  power  density  of  the  26-kV  electron  beam  for 
heat  sink  temperatures  of  77°  and  300° K.  The  electron  beam,  maximum  power  capability  of 
6.5  x  10  W/cm  ,  was  pulsed  on  for  a  period  of  300  nsec  at  a  10 -Hz  repetition  rate.  The  slopes 
of  the  curves  indicate  that  the  conversion  of  beam  power  density  to  external  GaAs  radiation 
power  density  is  1.5  percent  at  liquid  nitrogen  and  0.22  percent  at  room  temperature.  The  1.5- 
percent  efficiency  at  77°K  is  consistent  with  an  approximate  100-percent  efficiency  of  conver¬ 
sion  of  hole-electron  pairs  into  photons.  Reduction  of  efficiency  from  100  to  1.5  percent  is 
partly  due  to  an  initial  30-percent  efficiency  in  the  conversion  of  beam  energy  into  hole-electron 
pairs,  but  the  greatest  loss  is  a  direct  result  of  the  small  number  (~4  percent)  of  photons  that 
are  emitted  within  the  critical  angle  of  the  GaAs -vacuum  interface. 

An  arrangement  similar  to  that  shown  in  Fig.  II- 1  was  used  to  study  the  spatial  uniformity 
of  the  GaAs  emission.  A  fine  electron  beam  (3-p  diameter)  was  scanned  across  the  GaAs  sur¬ 
face,  and  the  output  radiation  was  measured  with  a  7102  photomultiplier  tube  as  a  function  of 
time.  Within  our  experimental  capability,  we  could  not  detect  the  variation  in  the  emission  in¬ 
tensity  over  the  entire  80-beam-diameter  scan.  The  photomultiplier  noise  limited  our  detection 
to  variations  greater  than  5  percent  of  the  signal. 

Although  the  decay  time  of  the  GaAs  emission  was  not  measured,  it  is  felt  that  its  half  life 

-9 

is  very  close  to  10  sec  as  ascertained  from  measurements  on  similar  crystals  by  storage  and 
2 

modulation  techniques. 

Table  II - 1  lists  the  parameters  of  the  GaAs  phosphor  and  the  best  P-11  emitters.  From 
many  points  of  view,  GaAs  is  a  more  perfect  phosphor.  It  exceeds  the  P-11  theoretical  limit 
by  a  factor  of  5  in  brightness,  and  with  higher  beam  powers  this  factor  can  increase  to  25.  GaAs 
is  faster  than  P-11  by  a  factor  of  100.  For  high  brightness,  P-11  phosphor  resolution  is  limited 
by  grain  sizes  and  their  statistical  packing  distribution.  For  spot  sizes  of  20  p,  the  peak-to-peak 
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Fig.  11-1 .  Cathodoluminescent  setup  used 
to  study  GaAs  crystals. 


Fig.  11-2.  Power  density  emitted  by  GaAs  as  a  function  of  electron  beam  power 
density  at  77°  and  300°K. 
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TABLE  ll-l 

Radiator 

Observed  Brightness 
(W/cm^) 

Theoretical 
Maximum  Brightness 

(W/cm^) 

Decay  Time 
(sec) 

Spatial 

Peak-to-Peak 

Fluctuations 

(percent) 

P-11 

200 

200 

~io'7 

10 

GaAs 

300  °K 

140 

~2000t 

~10'9 

«5 

GaAs 

77°  K 

950 

~5000t 

~10’9 

«5 

t  Pulse  duration  of  5  X  10  ^sec. 

fluctuations  are  10  percent;  for  smaller  beam  dimensions,  these  fluctuations  vary  by  almost 
100  percent.  Because  of  its  single  crystal  structure,  GaAs  possesses  resolutions  approximating 
the  penetration  depth  of  the  beam.  The  spatial  fluctuations  are  measured  to  be  less  than  5  percent. 
It  can  be  predicted  with  certainty  that  GaAs,  because  of  its  good  thermal  conduction,  will  also 
be  more  capable  of  sustaining  high  average  power,  when  properly  heat  sunk,  than  the  complex 
P-11  compounds.  On  the  other  hand,  it  should  be  pointed  out  that  the  P-11  phosphors  are  more 
readily  made  in  large  areas,  operate  efficiently  at  elevated  temperatures,  and  emit  in  the  visible 
portion  of  the  spectrum. 

The  theoretical  upper  limit  of  cathodoluminescence  brightness  is  obtained  when  the  radiation 
levels  are  completely  inverted,  in  which  case 

P  =  M 

max  tg  ^ex  (*) 

where  N  is  the  density  of  radiators,  d  is  the  electron  beam  penetration  depth,  n  is  the  power 
conversion  efficiency  (external  radiation  power/input  beam  power),  and  t^  is  the  spontaneous 
emission  time.  In  the  usual  complex  phosphor  such  as  P-11,  where  N  approaches  2  X  10  18  and 
ts  =  10  ,  one  is  able  to  experimentally  observe  this  saturation  under  short  pulse  bombardment. 

These  are  the  emission  values  quoted  in  Table  II-l.  For  GaAs  band-to-band  transitions,  N  «  1021 
while  tg  has  a  value  of  10  sec;  hence,  ^>max  approaches  6x10  W/cm2.  In  practice,  however, 
this  brightness  cannot  be  reached  because  the  beam  power  required  to  produce  the  excitation 
raises  the  crystal  temperature  which,  in  turn,  lowers  the  efficiency  of  the  system.  Using  the 
thermal  parameters  of  Engeler  and  Garfinkle3  and  an  j  that  varies  as  T-2,  one  can  estimate 
the  maximum  radiation  intensity  possible  for  a  given  pulse  duration.  These  values,  listed  in 
Table  II-l,  can  be  considered  as  order-of-magnitude  calculations  which  await  higher  electron 
beam  power  densities  to  lend  credence  to  their  validity. 

R.  J.  Keyes 
T.  M.  Quist 
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B.  INFRARED  PROPERTIES  OF  Mn-DOPED  GaAs 

The  search  for  a  material  that  would  be  suitable  as  a  coherent  heterodyne  detector  for  the 
10.6-n  COz  laser  radiation  led  to  a  study  of  Mn-doped  GaAs.  Unfortunately,  the  extremely  short 
lifetime  (~10’13sec)  of  the  excited  Mn  acceptor  level  makes  this  material  far  more  sensitive  as 
a  thermistor  detector  than  a  photoconductor  of  high  speed. 

The  infrared  photoresponse  and  the  absorption  coefficient  of  a  GaAs  crystal  doped  with 
3  x  1017  Mn  centers  are  plotted  in  Fig.  II-3.  The  detector  configuration  is  shown  in  the  figure 
insert.  Data  were  taken  at  a  chopping  frequency  of  13  Hz.  Subsequent  pulse  measurements 
revealed  a  time  constant  of  10~4sec,  which  is  in  agreement  with  a  calculated  bolometric  response 
time  for  this  material  in  this  configuration. 


Fig.  11-3.  Absorption  coefficient  and  relative  photoresponse 
of  Mn-doped  GaAs  at  77° K. 

It  should  be  noted  that  the  maximum  infrared  absorption  occurs  in  the  region  of  5  p,  and 
not  at  12.5  p  as  would  be  predicted  from  the  known  0.1 -eV  activation  energy  of  the  Mn  impurity 
in  GaAs.  Although  this  material  has  a  photoconductive  time  constant  that  is  too  short  for 
practical  use  in  heterodyne  detection,  it  has  many  characteristics  which  are  ideally  suited  for 

thermistor  detectors.  jane  H.  Dennis 

R.  J.  Keyes 
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C.  PHOTOELECTRON  STATISTICS  PRODUCED  BY  A  LASER  OPERATING  BELOW 
AND  ABOVE  THRESHOLD  OF  OSCILLATION 

The  spectrum  of  the  light  power  from  a  laser  incident  upon  a  photomultiplier  may  be  obtained 
either  from  spectral  measurements  of  the  anode  current  or  from  photoelectron  counting  experi¬ 
ments.5  If  information  on  the  higher  order  moments  of  the  light  power  is  desired,  we  must 
either  measure  the  higher  order  spectral  densities  of  the  photomultiplier  current  or  the  higher 
order  moments  of  the  photoelectron  count.  The  latter  method  is  more  convenient;  in  fact,  we 
may  reconstruct  from  the  observed  counts  the  complete  probability  distribution  of  the  photo¬ 
electron  emission.  Probably  no  other  experiment  shows  as  dramatically  the  transition  of  laser 
operation  from  below  to  above  threshold  as  the  determination  of  the  photoelectron  statistics 
reported  here. 

The  time  interval  within  which  the  counts  were  observed  was  kept  short  (typically  10 “6  or 
10  sec)  compared  to  the  inverse  bandwidth  (typically  200  to  400  Hz)  of  the  radiation  emitted  by 
the  laser,  except  in  one  experiment  on  a  below-threshold  laser,  in  which  an  equation  recently 

7 

published  by  Glauber  was  verified  experimentally. 

We  recently  summarized  the  theory  of  photelectron  counting  and  applied  it  to  the  situation 

in  which  the  light  incident  upon  the  photomultiplier  was  narrow-band  Gaussian.6  This  case 

8-12 

leads  to  a  Bose-Einstein  distribution  for  counting  intervals  short  compared  to  the  inverse 
bandwidth  of  the  incident  light.  The  experimentally  observed  slight  deviation  from  the  ideal 
Bose-Einstein  distribution  was  adequately  explained  by  assuming  that  the  dominant  mode  emitted 
by  the  laser  was  accompanied  by  a  small  admixture  of  modes  of  broader  bandwidths.  A  theoretical 
formula  was  developed6  to  cover  this  case  in  terms  of  two  parameters:  the  total  photoelectron 
rate,  and  the  fraction  of  the  power  contributed  by  the  background  light.  The  former  was  directly 
measured,  while  the  background  could  be  estimated  from  the  degree  of  polarization  of  the  laser 
light  since  the  dominant  single  axial  mode  was  linearly  polarized.  As  Figs.  II-4(a)  and  (b) 
indicate,  the  theoretical  curves  computed  this  way  fit  the  experimentally  obtained  points  well 
within  the  spread  allowed  by  the  finite  number  of  samples  taken. 

Figures  II-5(a)  to  (c)  show  the  data  obtained  with  the  laser  operating  slightly  above  threshold. 
The  resulting  probability  distributions  are  close  to  a  pure  Poisson  distribution 


t-> /  \  n  -n 
p(n)  =  e 


(2) 


where  n  is  the  average  photoelectron  count.  As  before,  the  counting  interval  was  short  com¬ 
pared  to  the  inverse  bandwidth  of  the  light,  and  the  deviation  from  the  Poisson  distribution  could 
be  adequately  explained  by  a  small  modulation  of  the  light  intensity.  We  may  approximate  this 
situation  by  assuming  a  Gaussian  distribution  law  of  the  light  intensity  p  around  the  average  p 
giving  the  probability  density 

w(p)  =  ■  . — ==  exp  {-  4  [(p  -  p)/(T  ]2}  (3) 

/,  2  Z  P 

ZlT(J 

V  p 

where  the  mean  square  deviation  a  is  small  compared  to  the  average  light  intensity  p.  With 
Eq.  (3)  in  mind,  we  can  show  that  the  corresponding  probability  distribution  of  photoelectrons 
is  given  by 


17 


(U)d  (u)d 


Section  II 


n 

(a) 


Fig.  Il-4(a-b).  Probability  distribution  and  number  of  observed  samples 
vs  photoelectron  count  below  threshold. 
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(b) 


Fig.  Il-5(a-c).  Probability  distribution  and  number  of  observed  samples 
vs  photoelectron  count  above  threshold. 
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P(n)  =  exp  {— [n  —  a  /2]} 


k$n/2 

z 

k=0 


2xn-2k  2k 
(n  —  o  )  a 

(2k)  (k!)  [(n  -  2k)!] 


(4) 


where  a2  =  n  2  is  the  mean  square  deviation  (of  photoelectron  count),  and  the  modulation  m  is 
defined  by 

m  =  a/2n  .  (5) 


Figures  II-5(a)  to  (c)  show  that  the  degree  of  modulation  depended  upon  the  power  emitted  by 
the  laser,  and  upon  external  modulation.  Let  us  assume  that  the  modulation  m  on  each  of  the 
figures  resulted  from  a  combination  of  spontaneous  emission  noise  modulation  m^  and  a  residual 
modulation  m^  which  almost  inevitably  arose  during  the  data-taking  process  because  of  slow  ran¬ 
dom  drifts  and  changes  in  quantum  efficiencies,  detector  gains,  reference  voltages  and  resist¬ 
ances,  temperatures,  feedback  effects,  etc.  Furthermore,  it  is  reasonable  to  assume  that  mr 
arose  from  random  processes  which  were  statistically  independent  of  spontaneous  noise  modula¬ 
tion  and  remained  constant  during  the  few  hours  it  took  to  accumulate  the  data  for  Figs.II-5(a) 
to  (c).  We  have  previously  shown4,5  that  m^  decreased  inversely  proportional  to  power  or  band¬ 
width  near  and  above  the  threshold  as  expected  from  the  van  der  Pol  theory  of  oscillators.  From 
Eq.  (5),  we  may  compute  m  from  the  measured  values  of  a  and  n;  from  the  bandwidths  (measured 
on  a  spectrum  analyzer),  can  be  predicted;  and  from  the  theoretical  dependence-of  upon 
the  bandwidths  Av,  mr  can  be  evaluated  for  any  two  of  the  three  curves  shown  in  Figs.II-5(a) 
to  (c).  For  any  pair  combination,  the  same  value  of  mf  =  6.95  percent  was  obtained. 

C.  Freed 

H.  A.  Haust 


t  Department  of  Electrical  Engineering  and  Research  Laboratory  of  Electronics,  M.I.  I  . 
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IE.  MATERIALS  RESEARCH 


A.  ANOMALY  IN  X-RAY  SCATTERING  OF  ZnSe 

Discrepancies  between  the  form  factors  measured  in  x-ray  diffraction  experiments  and  the 
scattering  functions  calculated  theoretically  are  generally  attributed  to  uncertainties  in  the 
Hartree-Fock  atomic  or  ionic  wave  functions  used  in  the  calculations.  However,  Kaplan  and 
Kleiner  have  pointed  out  that  the  usual  x-ray  scattering  formulas^ ignore  overlap  terms.  These 
formulas  are  based  on  a  model  in  which  the  crystal  wave  function  is  approximated  by  a  Slater 
determinant  made  up  of  nonorthogonal  orbitals,  but  the  charge  density  is  calculated  using  the 
expression  for  orthogonal  orbitals.  The  errors  resulting  from  the  use  of  this  model  should 
be  especially  large  for  metals  and  broad-band  semiconductors,  in  which  the  electrons  are  quite 
delocalized. 

In  order  to  make  a  detailed  comparison  between  theory  and  experiment  for  a  broad-band 
semiconductor,  an  x-ray  diffraction  study  has  been  made  on  ZnSe,  which  was  selected  because 
it  has  the  simple  zinc-blende  structure  and  because  high-purity  material  is  available.  Two 
different  samples  were  used:  one  a  commercial  phosphor-grade  material,  and  the  other  pre¬ 
pared  by  firing  stoichiometric  quantities  of  Zn  and  Se  in  a  sealed  quartz  ampoule.  Relative 
intensity  measurements  were  made  on  two  Norelco  diffractdmeters  employing  different  counting 
techniques.  The  total  count  for  each  peak  was  obtained  in  one  case  by  step  scanning  at  0.01° 
intervals,  and  in  the  other  case  by  scanning  across  the  peak  several  times. 

In  calculating  the  relative  intensities  of  the  x-ray  lines,  the  scaling  factor  s  and  the  atomic 
temperature  factors  and  Bge  were  considered  as  parameters,  and  their  values  were  adjusted 
by  a  simplex  computer  program^  to  minimize  the  function 


where  I^^fhkf)  and  I^g(hki)  are  the  calculated  and  observed  intensities,  respectively,  and 
(hki)  are  the  Miller  indices  of  the  lines.  The  values  of  Icajc  were  obtained  from  the  expression 


Icalc{hW)  =  s  '  m(hk°  '  P(0)  ’  I  Fcl  2 


where  m(hki)  is  the  multiplicity,  P(0)  is  the  Lorentz-polarization  factor  including  the  mono¬ 


chromator  correction,  and  I  F  |  is  the  calculated  structure  factor  (a  function  of  B„  and  B0  ). 

1  c'  '  Zn  Se' 


Two  alternative  calculations  were  made:  in  one  case,  B~  and  B0  were  allowed  to  varv  in- 

Zn  Se  J 

dependently;  in  the  other  case,  the  restriction  B^n  =  B^e  =  cell  temperature  factor  was  imposed. 
The  results  of  these  calculations  are  shown  in  Figs.III-1  and  III  -  2  respectively.  In  each  case, 
the  quantity  1 00(Iot)S/Icalc)  is  plotted  against  sin  ©/\,  where  0  is  the  Bragg  angle  and  X  is  the 
x-ray  wavelength. 

Three  groups  of  lines  are  distinguished  in  Figs.III-1  and  III  —  2 .  One  group  consists  of  strong 

lines  with  (hki)  all  even  and  (h  +  k  +  i)  =  4n,  for  which  F  =  f„  +  f0  ,  where  f~  and  f„  are  atomic 

Zn  be  Zn  Se 
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Fig.  Ill— 1  •  Plot  of  1 00( l0j3S/lca |c)  vs  sin  0/X  for  x-ray  diffraction 
lines  of  ZnSe.  Atomic  temperature  factors  are  B^n  =  1.34,  and 
B$e  =  0.  68.  R  =  2.  5  percent. 


Fig.  111-2.  Plot  of  100(lobs/lca|c)  vs  s'n  f°r  x"ray  diffraction 
lines  of  ZnSe.  Cell  temperature  factor  is  0.891.  R  =  2.  7  percent. 
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form  factors.  The  second  group  consists  of  medium  intensity  lines  with  (hkf)  all  odd,  for  which 

F  =  f^n  ±  ifge-  Agreement  between  theory  and  experiment  is  very  satisfactory  for  both  these 

groups.  For  the  third  group  of  lines,  however,  there  is  a  very  large  discrepancy  between  the 

calculated  and  observed  intensities.  These  are  weak  lines  with  (hki)  all  even  and  (h  +  k  +  f)  ^  4n, 

for  which  F  =  f-  —  fc  .  Comparison  of  Figs.III-1  and  III  -  2  shows  that  the  discrepancy  is  not 
/Li  n  be 

reduced  by  introduction  of  individual  atomic  temperature  factors  for  Zn  and  Se. 

These  results  demonstrate  that  present  scattering  theory  does  not  satisfactorily  account  for 

the  observed  x-ray  intensities  of  ZnSe.  A  similar  inconsistency  for  another  semiconductcDr, 

3 

GaAs,  has  been  observed  by  DeMarco  and  Weiss,  who  found  that  the  (200)  reflection  of  a  single 
crystal  was  considerably  larger  than  calculated.  On  the  other  hand,  good  agreement  between 
theory  and  experiment  is  obtained  for  more  ionic  compounds,  such  as  MgO  (Refs.  4  to  6)  and 
MnO  (Ref.  7).  These  facts  support  the  contention  that  neglect  of  overlap  terms  is  an  important 
source  of  error  in  the  theoretical  calculations.  Experiments  are  being  made  on  additional  com¬ 
pounds  to  determine  the  relationship  between  the  degree  of  covalency  and  the  amount  of  dis¬ 
crepancy  between  observed  and  calculated  intensities. 

P.  M.  Raccah 
R.  J.  Arnott 
A.  Wold* 


B.  ELECTRICAL  PROPERTIES  OF  TigOg 

Resistivity  (p)  and  Hall  coefficient  (R  )  measurements  at  magnetic  fields  up  to  170  kG  have 

H 

been  carried  out  at  the  National  Magnet  Laboratory,  M.I.T.  on  additional  Ti203  single  crystals, 
whose  nitrogen  content  is  between  0.07  and  0.3  atomic  percent  relative  to  Ti.  The  results  are 
summarized  in  Table  III— 1 . 

At  4.2°K,  all  samples  exhibit  magnetoresistance  (A p/pQ)  effects  that  are  reproducible,  in¬ 
dependent  of  sample  current,  and  independent  of  magnetic  field  direction.  The  values  of  A  p/p 
increase  with  magnetic  field  strictly  as  H  for  0  <  H  <  170  kG.  Both  pQ  and  A p/pQ  depend  on 
crystallographic  orientation,  but  in  a  manner  which  differs  from  sample  to  sample.  Generally, 
the  more  nearly  stoichiometric  and  nitrogen-free  the  sample,  the  higher  the  values  of  p^  and 
of  A p/pQ  at  a  given  magnetic  field. 

The  R„  measurements  at  4.2°K  were  rendered  very  unreliable  by  field-dependent  misalign- 
H 

ment  voltages  two  orders  of  magnitude  greater  than  the  Hall  signals.  Therefore,  it  is  only 
possible  to  give  estimates  for  the  Hall  coefficients,  all  of  which  fall  in  the  range  between  1  and 
40  cm3/C . 

The  values  of  pQ  and  R^  at  77°  and  273°K  are  appreciably  lower  than  those  at  4.2°K.  Fig¬ 
ures  III-3(a-b)  show  the  variation  of  A p/pQ  and  R^  at  4.2° K  for  Sample  5-62,  whose  O/Ti  ratio 

is  appreciably  greater  than  those  for  the  other  samples  in  this  series.  Deviations  from  the  linear 

2 

dependence  of  Ap/pQ  on  H  and  variations  of  R^  with  H  are  observed;  however,  the  values  of 
Po  and  Rjj  at  77 °K  are  comparable  with  those  of  the  other  samples. 


*  Division  of  Engineering,  Brown  University. 
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TABLE  lll-l 

ELECTRICAL 

PROPERTIES 

OF  Ti2°3 

4.  2°K 

Sample  Orientation 
(angle  of  current 

Slope  X  10 

of  Plot  of 

Ap/p  vs 
o 

77°  K 

Sample 

direction  with  c-axis) 
(deg) 

P 

(ohm-cm) 

P 

(ohm-cm) 

cm3/C 

6368 

22.5 

2300 

0.067 

0.20 

0.43 

45 

630 

0.086 

0.  11 

0.22 

90 

130 

0.071 

0.22 

6365 

22.5 

79 

0.074 

0.059 

0.  12 

45 

72 

0.075 

0.068 

0.  12 

90 

42 

0.074 

0.050 

0.  11 

6970 

0 

17 

0.059 

0.049 

0.085 

22.5 

26 

0.062 

0.  11 

0.070 

45 

21 

0.068 

0.081 

0.088 

67.5 

21 

0.059 

0.061 

0.069 

90 

37 

0.071 

0.053 

0.097 

6970 

0 

8.  7 

0.063 

0.061 

0.  12 

(Sc -doped) 

22.5 

3.2 

0.068 

0.024 

0.  15 

45 

4.6 

0.071 

0.027 

0.  16 

67.5 

5.2 

0.070 

0.034 

0.  19 

90 

6.5 

0.072 

0.033 

0.  17 

5-62 

90 

0.054 

0.044* 

0.050 

0.037 

*  Initial  slope;  plot  became  nonlinear  for  H  >60kG. 
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(a) 


Fig.  111-3.  Electrical  properties  of  Sample  5-62  at  4.  2°K  as  a  function 

of  magnetic  field.  Current  direction  perpendicular  to  c-axis.  (a)  Magneto¬ 
resistance;  (b)  Hall  coefficient. 
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The  new  data  are  consistent  with  our  previously  proposed  model,  according  to  which  mixed 
conduction  occurs  in  Ti203  at  4.  2°K,  whereas  hole  conduction  takes  place  at  77°  and  273°K. 

J.  M.  Honig 
R.  E.  Fahey 
J.T.  Roddy 


C.  LASER  MATERIAL  STUDIES 

During  earlier  experiments  on  the  cathodoluminescence  and  thermoluminescence  from  a 
variety  of  materials,  including  CaF2:Y  (Ref.  8)  and  CaF^Mn,  intense  luminescence  was  observed 
from  Al203:Cr  (ruby)  excited  by  a  pulsed  beam  of  ~1  MeV  electrons.  However,  this  luminescence 
was  found  to  saturate  and  then  decrease  as  the  beam  current  was  increased.  In  order  to  find  an 
explanation  for  this  effect,  optical  absorption  and  EPR  measurements  have  been  made  on  electron- 
irradiated  ruby.  Preliminary  results  indicate  that  under  irradiation  the  reaction  2Cr  ^Cr  + 
Cr+4  is  forced  to  the  right.  This  could  account  for  the  observed  decrease  in  luminescence,  since 
neither  Cr+2  nor  Cr+4  fluoresces  and,  furthermore,  Cr+4  appears  to  quench  the  fluorescence  of 
Cr+3.  The  data  also  indicate  that  Cr+3(3d3)  acts  as  a  trap  for  both  electrons  and  holes. 

In  other  experiments,  (1)  stimulated  emission  from  Nd+3  in  YVO^,  a  new  laser  host,  was 
obtained  at  a  pulsed  threshold  of  about  200  J  from  a  crystal  grown  by  the  Linde  Corporation; 

(2)  direct  evidence  has  been  obtained  for  energy  exchange  between  the  lattice  and  Nd  ions  in 
CeF3:Nd;  and  (3)  laser  action  has  been  observed  in  ruby  grown  from  the  vapor  at  about  1700°C 
by  Lexington  Laboratories,  Inc.  j  R  O'Connor 

D.  OUTER  ELECTRONS  IN  a-IRON 

Relevant  data  on  the  eight  outer  electrons  of  a-iron  are  summarized  in  Table  III -2.  The 
outer-electron  configuration  consistent  with  these  data  is 

3-0. 7y  2.06-0.7y  1 .61  -0.3y  0.55-0. 3y  0.41  +y  c  0.37+y 

S  S  et  j  t  i 

where  0  ^  y  <  1  is  a  measure  of  the  uncertainty  in  the  number  of  4s  and  4p  broad-band  conduc¬ 
tion  electrons  c.  The  subscripts  refer  to  spin  states;  the  superscripts  refer  to  numbers  of 
electrons  per  atom.  The  3d  orbitals  of  t  symmetry  are  directed  toward  nearest  neighbors, 
those  of  e  symmetry  toward  next-nearest  neighbors.  A  significant  feature  of  this  configuration 
is  the  fact  that  there  is  only  a  partial  spontaneous  magnetization  of  the  3d  bands. 

A  single  band  in  a  two- sublattice  structure  would  have  the  following  low-temperature  mag¬ 
netic  order  as  a  function  of  the  fraction  of  band  states  that  are  occupied:  (1)  0  <  f  <  f^  no  long- 
range  order;  (2)  f  <  f  <  f2  where  f2  <  i,  ferromagnetism  or  superconductivity;  (3)  f2  <  f  <  i, 
spin-density  wave  with  decreasing  wavelength  as  f  -  (4)  f  =  i,  antiferromagnetic  spin-density 

wave;  (5)  \  <  f  <  j,  spontaneous  ferromagnetic  component  with  spin  contribution  to  atomic 
moment  «  (f  -  \)  pR,  which  is  analogous  to  ferromagnetic  component  of  localized  electrons 
coupled  antiparallel  by  superexchange,  but  canted  by  double-exchange  coupling  to  mobile  elec¬ 
trons;  and,  finally,  (6)  f  <  f  <  1,  conventional  band  ferromagnetism  with  decreasing  Curie  tem¬ 
perature  and  atomic  moment  (1  -  f)  as  f  -  1 .  Partial  spontaneous  magnetization  of  the  3d 
bands  of  a-iron  is  consistent  with  the  fact  that  f  =  0.722  —  0.2 y,  or  2  <  f  <  4. 
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TABLE  111-2 

DATA  ON  3d  ELECTRONS  OF  a-IRON 

Property 

Measured  Value 

Reference 

Electron  density  symmetry0 

(0.70  ±0.02)  t,  (0.30  TO. 02)  e 

9 

_  .  .  .  b.c 

Spin-density  symmetry 

(0.47  ±0.01)  t,  (0.53  T  0.01)  e 

10,11 

Ms  (0°K) 

2.  218  p^/atom 

12 

Spectroscopic  g 

2.  17 

12 

Number  outer  3d  electrons 

6  ±  1.5 

13 

a.  Spherical  form  factor  corresponds  to0.6t,  0.  4e.  Orbitals  of  t  symmetry 
are  directed  toward  nearest  neighbors,  those  of  e  symmetry  toward  next- 
nearest  neighbors. 

b.  Experimental  and  theoretical  form  factors  can  be  reconciled  by  introducing 
a  uniform  negative  magnetization  of  —0.21  pp/atom.  This  implies  a  net 
positive  3d  magnetization  of  (2. 22  +  0. 21 )  pp  =2.43  pp at  room  temperature. 

c.  At  largest  distances  from  atomic  nuclei,  net  spin  density  is  negative.  Along 
next-nearest-neighbor  join,  net  spin  density  is  everywhere  positive;  along 
nearest-neighbor  join,  it  is  small,  and  may  be  negative,  at  the  midpoint. 
Thus,  zones  of  negative  spin  density  are  toroidal  with  centers  at  midpoints 
of  next-nearest-neighbor  joins  and  toroidal  planes  perpendicular  to  these 
joins.  Toroidal  zones  intersect  in  regions  of  space  most  distant  from  any 
atomic  position. 

With  the  aid  of  magnetic  and  electronic- specific-heat  data  for  the  systems  Cr^  ^Mn^, 

Fe.  Mn  ,  and  Fe,  Co  ,  it  is  possible  to  argue  that  the  number  of  broad-band  electrons  in 

1  “X  X  1— X  X  ri  _ 

Cr,  Mn,  and  Fe  are  n^r  =  3.0,  n^v  «  2.0,  and  n^f  «  1 .0  (or  y  =  0.1 1 ).  This  leads  to  Figs.  Ill -4 
to  III -6,  which  illustrate  the  schematic  density-of- states  vs  energy  curves  for  the  3d  electrons 
of  Cr,  CrMn,  and  cv-iron. 

Finally,  the  larger  intra-atomic-exchange  contraction  for  electrons  of  positive  spin  relative 
to  those  of  negative  spin  can  account  qualitatively  for  the  spin-density  distributions  reported  in 
footnotes  b  and  c  of  Table  III  -  2.  It  does  not  appear  necessary  to  postulate  a  negative  s-d 

coupling.  J.  B.  Goodenough 
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ENERGY  I3-SS-4847I 


Fig.  111-4.  Schematic  one-electron  density-of-states 
N(E)  vs  energy  for  3d  bands  of  Cr,  given  the  elec¬ 
tron  configuration  d^c^.  Numbers  refer  to  numbers 
of  electrons  per  atom  represented  by  area  under  the 
corresponding  maxima  in  the  curves. 


Fig.  111-5.  Schematic  one-electron  density-of-states 
N(E)  vs  energy  for  3d  bands  of  one  simple-cubic  sub¬ 
lattice  of  disordered  CrMn.  Ferromagnetic  next- 
nearest-neighbor  interactions,  antiferromagnetic 
nearest-neighbor  interactions.  Corresponding  dia¬ 
gram  for  other  simple-cubic  sublattice  has  a  reversal 
of  a-  and  p-spins. 


ENERGY  ~  T3-SS  48481 


ENERGY 


I3-SS-4849I 


Fig.  MI-6.  Schematic  one-electron  density-of-states 
N(E)  vs  energy  for  3d  bands  of  a-iron.  Ferromagnetic 
nearest-neighbor  and  next-nearest-neighbor  interactions. 
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IV.  PHYSICS  OF  SOLIDS 


A.  ELECTRONIC  BAND  STRUCTURE 
1.  Optical  Constants  of  ReOg 

Analysis  of  the  room-temperature  reflectivity  measurements1  of  ReO^  single  crystals  is 
continuing.  The  low-energy  reflectivity  data  were  found  to  be  well  fitted  by  a  Drude  free  electron 
equation  for  the  complex  dielectric  constant  of  the  form 


f 

e 


=  1  - 


cj(cj  +  iy) 


+  C 


(1) 


where  C  is  a  contribution  from  bound  electrons,  is  the  plasma  frequency,  and  y  is  the 

scattering  frequency.  The  Drude  curve  was  determined  by  a  least  squares  fit  to  the  data  below 

2.2  eV.  The  parameters  thus  obtained  are  u>D  =  5.5  eV,  and  l/y  =  t  =  2.03  X  10  sec. 

*a 

Assuming  one  free  electron  per  rhenium  atom,  we  calculated  an  effective  mass  of  0.87  m 

5-1-1  ° 

and  a  conductivity  of  1.31  X  10  ohm  cm  ,  which  is  in  good  agreement  with  the  measured  DC 

5  -1  -1 

conductivity  of  1.47  X  10  ohm  cm 

Two  different  Kramers-Kronig  methods  were  programmed  on  the  IBM  7094  computer  to 
obtain  the  optical  constants.  These  separate  results  give  an  estimate  of  the  sensitivity  of  the 
computed  constants  to  the  approximations  made  for  the  reflectivity  beyond  12  eV  as  required 
by  the  Kramers-Kronig  integrals.  The  agreement  of  the  methods  over  the  12-eV  range  is 
better  than  20  percent  in  absolute  magnitude.  Of  more  significance,  the  peak  positions  and 
shapes  of  the  optical  constant  curves  are  nearly  identical. 

Figure  IV- 1  shows  the  energy  dependence  of  the  index  of  refraction  n  and  the  extinction 
coefficient  k.  Below  2.3  eV,  n  and  k  have  the  typical  behavior  of  a  free  electron  plasma  in 
metals.  The  fact  that  k  reaches  a  small  value  before  the  onset  of  any  interband  effects  is  a 
necessary  condition  for  the  reflectivity  plasma  edge  to  reach  a  value  of  less  than  2  percent  at 
the  2.3-eV  minimum.  This  is  the  energy  at  which  the  metal  becomes  transparent  to  radiation 
and,  indeed,  an  examination  of  thin  deposits  of  ReC>3  reveals  they  are  green  in  transmitted  light 
while  the  crystals  are  red  in  reflected  light. 

The  real  and  imaginary  parts  of  the  dielectric  constant  €  =  obtained  by  the  Kramers- 

Kronig  analysis  of  the  data  are  displayed  in  Fig.  IV-2.  A  further  breakdown  of  into  free  and 

bound  electron  contributions  was  found  by  a  Kramers-Kronig  analysis  of  using  the  method 

2  ^ 

described  by  Ehrenreich  and  Philipp.  These  resulting  curves  are  also  shown  in  Fig.  IV-2.  It 
is  seen  that  the  first  interband  transition  occurs  at  3.8  eV  and  is  well  separated  from  the  plasma 
energy  at  2.17  eV.  Other  strong  interband  transitions  occur  at  6.9  and  9.2eV.  The  effective 
number  of  absorbing  electrons,  which  is  related  to  the  oscillator  strengths  up  to  the  frequency 
a;  q,  is  obtained  from  the  relation 

^  2  2.. 

n  n  - —  \  °  oj€7(cj)  do)  (2) 

eff  mo  2 
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Fig.  IV- 1.  Variation,  with  photon  energy,  of  index 
of  refraction  n  and  extinction  coefficient  k  of  ReO^ 
at  room  temperature. 


Fig.  IV-2.  Real  and  imaginary  parts  of  dielectric 
constant  and  t^r  respectively,  of  ReO^.  is 

resolved  into  free  and  bound  contributions  e  [  and 
k  I 

e^,  respectively,  n^  is  effective  number  of 

electrons  as  obtained  from  €2* 
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where  N  is  the  density  of  atoms.  Equation  (2)  is  plotted  in  Fig.  IV-2.  Below  the  onset  of  the 

interband  transitions,  n^  «  1.1  which  is  the  reciprocal  of  the  optical  effective  mass  ratio  of 

the  conduction  electrons.  The  first  interband  transition  increases  n  ,.r  to  about  2.  This  increase 

eff 

by  one  electron  may  be  consistent  with  a  transition  from  the  Fermi  level  to  an  empty  conduction 
band. 

A  plot  is  given  in  Fig.  IV-3  for  the  loss  function 


The  first  peak  corresponds  to  the  "hybrid"  plasma  resonance  at  the  observed  plasma  frequency. 
The  peak  at  5.7  eV  is  connected  with  the  "free"  electron  plasma,  though  slightly  modified  by 
screening  effects. 


Fig.  IV-3.  Loss  function  vs  photon  energy. 


These  data  are  now  being  compared  with  theoretical  band  calculations,  and  will  be  extended 
to  higher  energies  in  continuing  investigations. 


J.  Feinleib 
W.  J.  Scouler 


2.  Magnetoabsorption  of  Direct  Transition  in  GaSe  in  Voigt  Geometry 
and  at  1.5  °Kt 

Work  on  the  high  field  oscillatory  magnetoabsorption  of  the  direct  transition  in  the  layer 
compound  GaSe  is  being  continued  and  extended.  The  spectra  observed  in  the  Voigt  configuration 
have  been  determined  to  be  isotropic  with  respect  to  the  direction  of  H  in  the  c-plane,  the  radia¬ 
tion  being  propagated  along  the  c-axis.  In  terms  of  the  band  structure,  this  would  imply  that 
band  edges  at  positions  other  than  at  the  center  of  the  zone  are  unlikely.  For  linearly  polarized 
radiation,  essentially  the  same  spectra  are  obtained  for  E  ||  H  and  E  1  H.  The  n  =  2  exciton  state 
associated  with  the  lowest  Landau  level  exhibits  appreciable  splitting  (4.8  meV  at  85  kG),  as  shown 
in  Fig.  IV-4  (in  the  vicinity  of  the  wavelength  drum  reading  1280);  however,  no  such  splitting  is 


fThis  experiment  was  carried  out  using  the  high  field  facilities  of  the  National  Magnet  Laboratory,  M.I.l  . 
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Fig.  IV-4.  Splitting  of  n  =  2  exci ton  state 
associated  with  lowest  Landau  level  in 
Voigt  configuration  (dashed  line);  Faraday 
configuration  (solid  line)  magnetoabsorption 
spectrum  exhibits  no  such  splitting. 
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observed  in  the  Faraday  configuration.  This  behavior  can  be  explained  on  the  basis  of  an  aniso¬ 
tropic  g-factor  that  depends  on  the  angle  which  the  magnetic  field  makes  with  the  c-axis. 

J.  Halpern 

3.  Optical  Absorption  in  Crossed  Electric  and  Magnetic  Fields  in  GaSet 

As  a  possible  method  of  obtaining  separately  the  parameters  of  the  valence  and  conduction 
bands  of  GaSe  and  thus  further  elucidating  the  band  structure,  we  have  initiated  a  program  to 
study  the  optical  absorption  of  this  material  in  crossed  electric  and  magnetic  fields.  In  the 
experiments  described  in  Sec.  IV-A-2  and  in  a  previous  Solid  State  Research  Report,  only  the 
reduced  masses  and  g-factors  are  obtained;  here,  with  the  addition  of  an  electric  field  we  expect 
to  break  down  some  of  the  selection  rules  which  hold  for  the  direct  transition. 

Preliminary  experiments  have  been  carried  out  both  at  room  temperature  and  at  1.5  °K  using 
magnetic  fields  up  to  86  kG  (with  H  ||  propagation  vector  ||  c-axis)  and  3-kHz  sinusoidal  electric 
fields  up  to  800  V  cm”1  peak-to-peak.  Differential  spectra  were  observed  at  6  kHz,  both  in  the 
vicinity  of  the  band  edge  and  in  the  region  of  the  ’'quasi-Landau  levels."  Comparison  of  these 
results  with  the  theoretical  calculations  of  Vrehen4  indicates  that  these  initial  samples  exhibited 
an  t oqt  ~  3,  which  is  just  below  the  threshold  at  which  one  would  expect  to  see  additional  structure 
over  that  observed  in  simple  magnetoabsorption. 

We  also  observed  that  the  application  of  small  DC  electric  fields  greatly  reduces  the  peaks 
in  the  oscillatory  magnetoabsorption. 

J.  Halpern 


t  This  experiment  was  carried  out  using  the  high  field  facilities  of  the  National  Magnet  Laboratory,  M.I.T. 
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4.  Electroluminescence  in  GaSe^ 


During  the  crossed  field  work  (see  Sec.  IV-A-3),  we  observed  that  the  application  of  electric 

fields  to  some  of  the  GaSe  samples  gave  rise  to  electroluminescence.  This  phenomenon  has 

recently  been  reported  at  77  °K  by  Akhundov.5’^  The  luminescence  appeared  in  parallel  filaments 

around  the  periphery  of  the  sample  as  shown  in  Fig.  IV-5;  it  was  excited  by  an  AC  field  of 
_  \ 

~600  Vcm  peak-to-peak  at  1 .5  °K.  Two  emission  peaks  at  1 .968  and  1 .948  eV,  of  10-  and 
15-meV  widths,  respectively,  were  measured  in  addition  to  a  rather  broad  (~35  meV)  peak  at 
~1.92eV;  the  latter  is  probably  the  same  peak  observed  in  Ref.  6.  The  emission  spectrum  cuts 
off  sharply  on  the  high-energy  side  at  1.986  eV.  Unfortunately,  this  particular  sample  deteri¬ 
orated  before  measurements  could  be  made  on  the  low-energy  end  of  the  spectrum;  other 
luminescent  samples  will  be  examined  subsequently. 


Fig.  IV-5.  Appearance  of  emitting  regions  of 
GaSe  sample  No. 659  at  1.5°Kwhen  excited 
by  an  AC  electric  field  of  ~600  V  cm-^  peak- 
to-peak. 


We  also  qualitatively  observed  that  the  introduction  of  a  magnetic  field  strongly  reduced  the 
luminescence:  a  field  of  ~25kG  decreased  the  emitted  intensity  by  approximately  a  factor  of  two; 
further  increases  of  magnetic  field  (up  to  86  kG)  diminished  the  intensity  by  approximately  an 
additional  factor  of  two.  j  j_[aipern 


5.  Interband  Magnetoreflection  in  HgTet 

Two  sets  of  magnetoreflection  oscillations  have  been  observed  in  HgTe  near  4°K  at  fields 
up  to  100  kG.  One  set,  summarized  in  Fig.  IV-6,  was  observed  between  photon  energies  of  0.05 


t This  experiment  was  carried  out  using  the  high  field  facilities  of  the  National  Magnet  Laboratory,  M.I.T. 
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Fig.  IV-6.  Low-energy  transitions  for  HgTe. 
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to  0.23  eV  and  an  extrapolation  of  the  data  to  H  =  0  yields  an  energy  gap  of,  or  near,  zero.  The 
other  set,  presented  in  Fig.  IV-7,  was  found  between  0.30  and  0.38  eV  and  extrapolates  at  zero 
field  to  an  energy  gap  between  0.285  and  0.290  eV. 

Figure  IV-8  shows  an  inverted  or  gray  tin-like  band  structure  which  is  used  to  interpret 
these  magnetoreflection  oscillations.  The  valence  band  maximum  and  conduction  band  minimum 
are  degenerate  at  k  =  0  and  have  Tg  symmetry.  The  low-energy  oscillations  arise  from  transi¬ 
tions  across  this  zero  energy  gap  which  are  indicated  by  arrow  A  in  Fig.  IV-8.  The  next  valence 
band  also  has  its  maximum  at  k  =  0  and  has  T ^  symmetry.  Transitions  between  this  band  and 
the  conduction  band,  indicated  by  arrow  B  in  Fig.  IV-8,  give  the  higher  energy  oscillations.  The 
zero  field  extrapolation  of  the  lines  in  Fig.  IV-7  gives  E(Tg)  —  E(T^). 

The  lines  in  Figs.  IV-6  and  IV-7  are  not  theoretical  curves  but  simply  guides  for  following 
the  field  dependence  of  the  transitions.  A  comparison  with  theory  is  now  being  carried  out  with 
a  method  which  was  devised  by  Pidgeon  and  Brown7  for  a  detailed  interpretation  of  interband 
magnetoabsorption  in  InSb.  This  combines  the  methods  of  Luttinger  and  Kohn,  and  Bowers  and 
Yafet  and  treats  the  mutual  interaction  between  the  T^,  r?,  and  rg  bands  exactly  and  their 
interactions  with  higher  bands  to  order  k*\ 

The  energy,  E(Tg)  —  E(T^),  and  the  momentum  matrix  element  between  these  states  largely 
determine  the  curvature  of  the  Tg  conduction  band  because  other  interacting  bands  are  remote. 


Fig.  IV-7.  High-energy  transitions  for  HgTe. 
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Fig.  IV-8.  Band  structure  of  HgTe. 


Previous  intraband  optical  and  magneto-optical  determinations  of  the  conduction  band  effective 
mass  vs  electron  concentration,  made  at  room  temperature,  suggest  that  E(rg)  —  E(r^)  =  0.15  eV, 
about  half  the  value  reported  here  for  this  gap  near  0°K.  When  the  theoretical  fitting  of  the 
transitions  is  complete,  it  should  be  possible  also  to  compare  the  size  of  the  momentum  matrix 
element  as  given  by  the  two  methods.  At  present,  the  factor  of  two  disagreement  in  E(rg)  -  E(Tg) 
has  not  been  explained. 

Finally,  the  observation  of  these  two  sets  of  transitions  is  additional  evidence  for  the  appli¬ 
cability  of  the  gray  tin  band  structure  to  HgTe.  At  this  stage  of  interpretation,  nothing  has  been 
said  about  the  unsettled  question  of  whether  or  not  the  rg  valence  band  in  some  directions  first 
goes  upward  and  then  downward  in  energy  as  k  increases  from  zero,  giving  a  negative  rather 

than  zero  thermal  energy  gap.  H  Groves 

R.  N.  Brownt 

6.  Magnetoreflection  in  Bi* 

g 

Magnetoreflectivity  studies  of  Bi  have  not  only  corroborated  previous  work,  but  have  also 
revealed  much  additional  structure.  Observations  of  the  series  of  oscillations  associated  with 
the  interband  transitions  between  the  strongly  coupled  electron  and  valence  bands  have  been 
extended  to  higher  fields.  Oscillations  have  been  observed  for  the  first  time  with  the  magnetic 
field  along  the  trigonal  direction.  Furthermore,  an  anomaly  has  been  found  in  the  relative 
amplitudes  of  the  oscillations  associated  with  the  lowest  interband  transition.  In  the  binary 
direction,  many  of  the  oscillations  exhibit  weak  '’satellite”  structure  which  has  been  identified 
with  "forbidden  transitions"  of  the  main  series.  In  addition,  oscillations  due  to  a  second  set  of 
interband  transitions  have  been  observed  with  H  parallel  to  both  the  binary  and  bisectrix  direc¬ 
tions.  The  energy  gap  for  this  series  is  in  good  agreement  with  the  value  of  E^  =  0.169  eV 

t  National  Magnet  Laboratory,  M.I.T. 

t  This  experiment  was  carried  out  using  the  high  field  facilities  of  the  National  Magnet  Laboratory,  M.I.  I  . 
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reported  by  Esaki  and  Stiles  using  electron  tunneling  spectroscopy.  Oscillations  due  to  the 
optical  de  Haas-Shubnikov  effect  have  been  found  for  H  parallel  to  the  binary  direction. 

Mildred  S.  Dresselhaus 
M.  S.  Maltzt 

7.  Infrared  Laser  High-Resolution  Magnetospectroscopy  in  Graphitet 

A  high-resolution  magnetospectrometer  using  a  Ne  gas  laser  source  has  been  constructed 
for  application  to  infrared  spectroscopy  of  solids.  This  laser  oscillates  simultaneously  at 
several  wavelengths  in  the  range  3  p  <  \  <  22  p;  the  wavelengths  are  selected  by  a  low -resolution 
monochromator.  A  balanced  optical  system  reduces  the  effects  of  output  power  fluctuations 
which  are  normally  severe  in  infrared  lasers.  This  system  has  been  applied  to  a  study  of  the 
low  quantum  number  interband  Landau  level  transitions  in  graphite  for  fields  <100  kG.  Substantial 
improvement  in  resolution,  line  shape,  and  signal-to-noise  ratio  over  conventional  sources  has 
been  achieved  by  virtue  of  the  inherently  small  line  width  and  increased  power  of  the  source; 
further  improvement  results  from  the  laser's  greater  focusing  capability,  which  effectively  elim¬ 
inates  magnetic  field  inhomogeneities.  Considerable  fine  structure  has  been  observed  which  has 

been  found  to  be  sensitive  to  circular  polarization.  Mildred  S.  Dresselhaus 

J.  G.  Mavroides 
P.  R.  SchroederS 
A.  Javan  § 

8.  Magnetoplasma  Cyclotron  Resonance  in  PbSe 

Experimental  curves  obtained  previously10  for  the  derivative  of  the  microwave  surface 

1 8 

absorption  at  70  GHz  vs  static  magnetic  field  of  p-PbSe  with  1.1  X  10  holes/cm  have  been  com¬ 
pared  with  the  predictions  of  the  theory  of  absorption  by  a  high-density  plasma  under  classical 
skin  effect  conditions.  In  the  theory,  the  absorption  is  calculated  from  the  solution  of  the  wave 
equation  for  a  plane  wave  incident  on  a  semi-infinite  sample  from  the  left.  The  complex  ef¬ 
fective  dielectric  tensor  is  calculated  assuming  a  local  relation  between  the  current  and  the 
electric  field,  with  a  <llO  ellipsoidal  model  for  the  band  extrema  and  an  isotropic,  constant 
carrier  relaxation  time. 

Figure  IV-9  shows  the  results  of  a  machine  calculation  of  the  derivative  of  the  absorption 
compared  with  the  experimentally  determined  curves;  here,  the  static  magnetic  field  B  is  aligned 
along  the  [100]  crystallographic  axis.  Figure  IV-10  presents  similar  results  for  B  parallel  to 
the  [110]  axis.  In  each  case,  the  behavior  with  the  ordinary  (E  ||  B)  and  extraordinary  (E  [  B) 
modes  of  propagation,  independently  excited,  is  indicated.  The  close  agreement  is  a  verification 
of  the  classical  skin  effect  theory  and  allows  a  comparatively  accurate  determination  of  the 
valence  band  effective  mass  parameters.  Best  fit  is  obtained  with  a  transverse  effective  mass 

of  m.  =  (0.0465  ±  0.0015)m  and  an  anisotropy  ratio  of  K  =  m./m  =  1.8  ±  0.2.  These  values  are 

t  o  it  1112 

in  satisfactory  agreement  with  the  results  of  Shubnikov-de  Haas  measurements  on  PbSe.  ' 


t  Department  of  Electrical  Engineering,  M.I.T. 

t  This  experiment  was  carried  out  using  the  high  field  facilities  of  the  National  Magnet  Laboratory,  M.I.T. 
§  Department  of  Physics,  M.I.T. 
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Fig.  IV-9.  Calculated  and  experimental  plots  of  de¬ 
rivative  of  microwave  surface  absorption  vs  static 
magnetic  field  in  p-PbSe  with  B  along  [  100]  axis. 
Ordinary  (E  ||  B)  and  extraordinary  (E  [  B)  modes 
shown  separately. 


Fig.  IV— 10.  Calculated  and  experimental  plots  of 
derivative  of  microwave  surface  absorption  vs  static 
magnetic  field  in  p-PbSe  with  B  along  [  1 10]  axis. 
Ordinary  (E  ||  B)  and  extraordinary  (E  1  B)  modes 
shown  separately. 
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The  weaker  absorption  evident  at  low  fields  where  the  cyclotron  radius  is  appreciably  greater 
than  the  skin  depth  can  probably  be  attributed  to  nonlocal  effects,  such  as  subharmonics  of 
Azbel1  -Kaner  resonance.  Such  effects,  of  course,  cannot  be  treated  within  the  context  of  the 
classical  skin  effect  theory. 

Similar  resonance  behavior  has  also  been  observed  in  a  sample  of  n-PbSe  with  a  carrier 
17  3 

concentration  of  3  X  10  electrons/cm  .  The  curves  are  being  analyzed  and  should  lead  to  a 
determination  of  the  effective  mass  parameters  for  the  conduction  band. 

S.  Bermon 
W.  C.  Kernan 


9.  Band  Structure  of  TiO  in  Tight- Binding  Approximation 

1 3 

The  tight-binding  theory  has  been  used  as  an  interpolation  scheme  to  approximate  the 
energy  band  structure  of  TiO  as  determined  by  the  augmented  plane  wave  (APW)  method.14 
Taking  account  of  interactions  between  nearest  and  next-nearest  neighbors  in  the  rock-salt 
lattice,  a  10  X  10  secular  determinant  was  set  up  using  Lowdin-type  basis  functions  derived 
from  the  3d  and  4s  wave  functions  of  titanium  and  from  the  2s  and  2p  wave  functions  of  oxygen. 
For  special  symmetry  directions  in  k-space,  it  was  possible  to  factor  this  determinant  into 
subdeterminants  by  group  theoretical  considerations.  Simple  numerical  curve-fitting  methods 
were  employed  to  determine  the  parameters  appearing  in  1  x  1  and  2X2  subdeterminants.  Bands 
corresponding  to  these  parametric  determinations  were  then  obtained  using  the  tight-binding 
scheme.  The  results  were  found  to  agree  very  well  with  those  specified  by  the  APW  method. 
However,  it  was  found  that  all  attempts  to  reduce  the  3X3,  4X4,  or  5  x  5  subdeterminants 
into  simpler  forms  by  use  of  approximations  led  to  inconsistencies.  Therefore,  the  remaining 
parameters  must  be  obtained  by  computer  calculations  which  are  being  planned  for  the  near 
future. 

Numerical  values  for  the  transfer  integrals  determined  so  far  are  as  follows  in  the  notation 
of  Ref.  13: 


Exy,xy(000)  =  0‘636ry  Ex 

E  (110)  = -0.0155  ry  E 

xy,  xy'  '  x 

E  (011)  =  0.0157  ry  E 

xy,  xy'  J  x 

E  (010)  =  0.065  ry  E 

xy,  x  J  x, 


x(000)  =  0.0980  ry 
x(110)  =  0.0131  ry 
x(0 1 1)  =  -0.0080  ry 
y(110)  =  —  0 . 0 1 6  ry 

J.  M.  Honig 
J.  O.  Dimmock 


10.  Fermi  Surface,  Magnetic  Ordering,  and  Electrical  Properties  of  Thulium  Metal 

The  complete  Fermi  surface  of  thulium  metal  has  been  determined  from  a  nonrelativistic 
APW  energy  band  calculation.  Computed  energy  bands  are  of  mixed  s-d  character  and  strongly 
resemble  those  of  the  transition  metals  in  this  aspect.  The  computed  Fermi  surface  is  deter¬ 
mined  largely  by  the  d-bands  and  bears  no  resemblance  to  that  of  the  free  electron  model.  The 
striking  anomalies  which  occur  in  the  c-axis  resistivity  of  the  heavy  rare-earth  metals  at  the 
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1  3-85-4630-1] 


Fig.  IV— 11.  Complete  Fermi  surface  for  holes 
thulium  metal  in  double  zone  representation. 


Fig.  IV-12.  Some  vertical  cross  sections  of  thulium  Fermi  surface 
containing  c-axis.  Influence  of  magnetic  ordering  is  demonstrated 
by  comparing  low-temperature  cross  sections  (heavy  solid  curves) 
with  high-temperature  cross  sections  (light  solid  curves).  Horizontal 
lines  denote  superzone  boundaries  at  =  ±n2iT/7c  introduced  by  the 
magnetic  ordering. 
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onset  of  long-range  periodic  magnetic  order  are  understandable,  using  our  energy  band  and 
Fermi  surface  results.  We  find  that  the  observed  q  vector  spans  a  section  of  the  calculated 
Fermi  surface  of  thulium  such  that  a  section  of  this  Fermi  surface  perpendicular  to  the  z-axis 
is  destroyed  at  the  onset  of  magnetic  ordering.  This  results  in  the  observed  resistivity  anomaly 
at  T^.  Also,  because  the  energy  bands  are  relatively  flat  in  the  vicinity  of  the  Fermi  energy, 
sizable  gaps  occur  at  superzone  boundaries  for  k z  =  ±^nq  as  the  temperature  is  lowered  below 
T^,  thereby  destroying  large  sections  of  the  Fermi  surface  normal  to  the  z-axis. 

Anomalies  in  the  temperature  dependence  of  the  electrical  resistivity  of  the  rare-earth 
metals1'’  have  been  successfully  interpreted  by  Mackintosh,1  ^  Elliott  and  Wedgwood,17  Miwa,18 
and  others  in  terms  of  the  magnetic  ordering  of  these  materials.  In  this  view,  the  anomaly  in 
the  electrical  resistivity  along  the  c-axis,  which  occurs  at  the  antiferromagnetic  ordering 
temperature,  is  associated  with  band  gaps  introduced  by  superzone  boundaries  arising  from  the 
onset  of  the  long-range  periodic  magnetic  order.  Good  agreement  has  been  obtained  between 
theory  and  experiment  using  the  free  electron  model  of  the  conduction  bands  and  the  associated 

Fermi  surface.  This  agreement  has  since  been  taken  as  evidence  in  support  of  the  validity  of 

19 

the  free  electron  model.  However,  the  recent  determination,  by  means  of  APW  calculations, 
that  the  conduction  bands  in  Gd  resemble  those  of  the  transition  metals  and  differ  markedly 
from  free  electron  bands  showed  that  this  model  was  completely  invalid  for  the  rare-earth 
metals.  At  the  same  time,  it  also  raised  the  question  whether  agreement  between  theory  and 
experiment  could  be  restored  using  the  APW  band  structure  and  the  resulting  Fermi  surface. 

Thulium  shows  a  linear  spin  wave  structure  between  50  °  and  40  °K  in  which  the  magnitude 

of  the  z-component  of  the  moments  varies  sinusoidally  with  distance  along  the  c-axis.  The 

period  of  the  wave  vector  is  constant  at  seven  (hexagonal)  layers  over  the  observed  temperature 

range.  This  periodic  magnetic  structure  introduces  planes  of  energy  discontinuity  (superzone 

16—18 

gaps)  into  the  nonmagnetic  Brillouin  zone  structure.  These  energy  gaps  may  affect  dras¬ 

tically  the  electrical  conduction  of  the  metal  as  the  temperature  is  lowered  through  the  Neel 
temperature,  provided  one  of  these  superzone  boundaries  destroys  a  large  part  of  the  Fermi 
surface. 

The  complete  hole  surface  for  thulium  metal  determined  from  our  APW  calculations  is  shown 
in  Fig.  IV.-H.  We  use  the  double  zone  representation  which  is  valid  for  the  cph  structure  in  the 
absence  of  spin-orbit  coupling.  Figure  IV-12  presents  several  vertical  cross  sections  of  the 
Fermi  surface.  The  horizontal  lines  denote  superzone  boundaries  at  k^  =  ±n27r/7c  introduced 
by  the  periodic  magnetic  ordering.  The  expected  distortion  of  the  Fermi  surface  at  T  -  0  is 
indicated  approximately  by  the  heavy  solid  curves.  This  effect  is  a  direct  consequence  of  the 
presence  of  several  relatively  flat  d-bands  in  the  vicinity  of  the  Fermi  energy  and  would  not 
occur  to  any  extent  in  the  free  electron  model.  The  essential  feature  of  the  result  is  that,  in 
the  magnetic  state,  the  Fermi  surface  normal  to  the  z-axis  is  largely  destroyed  while  segments 
parallel  to  the  axis  remain,  though  somewhat  perturbed.  This  implies  a  resistance  anomaly 
parallel  but  not  perpendicular  to  the  crystal  c-axis  in  agreement  with  experiment.  It  should  be 
pointed  out,  however,  that  the  calculations  we  have  performed  are  all  nonrelativistic  and  that 
relativistic  corrections,  including  spin-orbit  effects,  will  certainly  modify  to  some  extent  the 
computed  Fermi  surface.  Nevertheless,  we  feel  that  the  general  features  of  the  Fermi  surface 


45 


Section  IV 


(as  shown  in  Fig.  IV- 1 1 )  and  of  the  effects  of  magnetic  ordering  (as  shown  in  Fig.  IV-12)  should 
remain  even  when  the  relativistic  effects  are  taken  into  account.  It  thus  appears  that  the  anom¬ 
alies  in  the  temperature  dependence  of  the  resistivity  of  the  heavy  rare-earth  metals  can  be 
understood  in  terms  of  the  calculated  energy  bands  of  these  materials,  and  that  qualitative 
agreement,  at  least,  exists  between  theory  and  experiment. 

J.  O.  Dimmock 
A.  J.  Freemant 
R.  E.  Watsont 


11.  Polar  on  Landau  Levels 

The  second  order  Rayleigh-Schrodinger  perturbation  correction  to  the  n  =  1  Landau  level 

energy  of  conduction  band  electrons  interacting  with  the  longitudinal  optical  phonons  of  a  polar 

crystal  has  been  investigated  recently.20  It  was  found  that  the  perturbation  correction  diverges 

as  the  energy  separation  fiu>  between  the  unperturbed  n  =  1  and  0  levels  approaches  fioo  ,  the 

c  o 

longitudinal  optical  phonon  energy,  from  below.  This  result  suggests  that,  in  reality,  relatively 
pronounced  polaron  effects  on  the  n  =  1  level  should  be  observed  when  the  applied  magnetic  field 
is  strong  enough  to  force  the  energy  difference  between  the  n  =  1  and  0  polaron  Landau  levels  to 
approach  fico Q.  Therefore,  it  is  of  some  interest  to  study  the  behavior  of  the  n  =  1  level  as  a 
function  of  magnetic  field. 

If  we  calculate  the  energy  of  the  n  =  1  level  by  second  order  Wigner-Brillouin  perturbation 

theory,  we  find  that,  while  the  energy  obtained  [ewb(cjc)]  is  a  monotonicaEy  increasing  function 

of  magnetic  field,  dE^g(u;c)/du;c  decreases  sharply  as  a;c  -**  00 .  However,  it  is  doubtful  that 

the  perturbation  theory  is  valid  for  much  greater  than  00 

To  improve  on  perturbation  theory,  the  variational  method  for  free  polarons  (no  magnetic 
21 

field)  described  recently  has  been  generalized  to  the  case  in  which  a  magnetic  field  is  present. 
The  energy  band  by  this  technique  for  the  n  =  1  Landau  level  will  be  denoted  Numerical 

computations  show  that  the  approximately  linear  low -field  behavior  of  Ev  is  destroyed  at  higher 
fields,  where  dEv/doJc  becomes  very  small. 

One  expects  that  the  exact  energy  difference  between  the  n  =  1  and  0  levels  should  approach 
fia;o  as  cjc  -*  00 .  This  condition  is  fulfilled  only  approximately  in  Wigner-Brillouin  perturbation 
theory  and  in  the  above-mentioned  variational  theory.  Attempts  to  improve  the  variational 
method  are  under  way. 

Finally,  study  of  the  approximate  weak-coupling  wave  function  for  the  polaron  indicates  that 
the  probability  of  exciting  a  polaron  in  the  n  =  1  level  by  shining  radiation  on  the  crystal  begins 
to  decrease  markedly  with  increasing  when  wc  exceeds  cjq. 

D.  M.  Larsen 


t  National  Magnet  Laboratory,  M.I.T. 

t  Brookhaven  National  Laboratory,  Upton,  Long  Island,  New  York. 
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B.  HYPERSONIC  WAVES  IN  SOLIDS 

1.  Temperature  Dependence  of  70-GHz  Transverse  Acoustic  Waves 

Experimental  measurement  of  the  temperature  dependence  of  70-GHz  acoustic  waves  in 

quartz,  using  a  pulse-echo  technique,  has  been  extended  to  include  transverse  waves  in  BC-cut 

quartz.  The  results  are  shown  in  Fig.  IV-13,  along  with  values  previously  measured  for  longi- 

4 

tudinal  waves  in  x-cut  quartz.  The  T  dependence,  as  well  as  the  absolute  value  of  the  attenuation, 

is  seen  to  be  the  same  for  both  modes  down  to  10  °K.  Measurements  below  10  °K  were  not  useful 

because  of  the  large  fractional  uncertainty  in  the  measured  temperature-dependent  attenuation, 

caused  by  the  presence  of  a  temperature-independent  background  equivalent  to  about  2  dB/cm, 

which  ultimately  limited  the  number  of  observable  echoes.  Attenuation  of  the  transverse  phonons 

follows  the  theory  of  Landau  and  Rumer  in  terms  of  a  three-phonon  interaction  of  the  coherent 

wave  with  thermal  phonons  through  anharmonic  terms  in  the  elastic  energy.  The  observed 

temperature  dependence  of  the  longitudinal  attenuation  can  be  explained  in  this  same  framework 

if  the  momentum  conservation  is  relaxed,  as  permitted  by  the  short  lifetime  of  the  thermal 

22 

phonons.  Recent  experiments  at  lower  frequencies  have  indicated,  and  theories  have  been 
23 

proposed  to  explain,  an  increasing  exponential  dependence  of  longitudinal  attenuation  at  low 
temperature  in  Al^O^.  It  was  proposed  that  the  increasing  rate  is  a  consequence  of  the  gradual 
failure  of  the  thermal  phonon  energy  uncertainty  to  overcome  the  conservation  requirements 
with  decreasing  temperature. 


Fig.  IV-13.  Comparison  of  temperature 
dependence  of  70-GHz  longitudinal  and 
transverse  waves  in  a-quartz. 


TEMPERATURE  (°K) 
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TABLE  IV- 

1 

EXPERIMENTAL  COMPARISON  OF  TRANSDUCTION  EFFICIENCIES 

IN  TERMS  OF  INSERTION  LOSS 

Insertion  Loss 

Material 

Frequency 

Mode  , 

Transducer 

(dB) 

34  MHz 

Lt 

34  MHz  x-plate 

42 

Al  (poly) 

35  MHz 

L 

62  p  CdS 

22 

10  MHz 

T$ 

10  MHz  y-plate 

44 

14  MHz 

T 

62  p  CdS 

22 

33  MHz 

L 

34  MHz  x-plate 

61 

Permalloy  (poly) 

41  MHz 

L 

54  p  CdS 

38 

10  MHz 

T 

10  MHz  y-plate 

69 

16  MHz 

T 

54  p  CdS 

36 

x-quartz 

85  MHz 

L 

Surface 

69 

85  MHz 

L 

25  p  CdS 

47 

ALCL 

2  3 

1  GHz 

L 

2.2  pCdS 

38 

c-axis  along  rod 

Ruby 

1  GHz 

L 

2.2  pCdS 

47 

a-axis  along  rod 

1  GHz 

T 

2.2  p  CdS 

51 

1  GHz 

T 

2.2  pCdS 

60 

1  GHz 

L 

Surface 

60 

x-quartz 

1  GHz 

L 

2.2  p  CdS 

42 

9  GHz 

L 

Surface 

93 

x-quartz 

64 

9  GHz 

L 

1.7  p  CdS 

z-quartz 

9  GHz 

L 

1.7  p  CdS 

59 

GaAs,  InSb 

9  GHz 

L 

1 . 7  p  CdS 

- 

z-quartz 

70  GHz 

L 

0.  1  and 

- 

0.  16  p  CdS 

t  Longitudinal 

t  Transverse 
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In  our  measurements,  no  increase  in  the  attenuation  rate  was  observed  in  quartz  for  70 -GHz 
phonons  down  to  10  °K.  An  additional  factor  that  must  be  considered  in  the  70-GHz  experiment 
is  that  the  condition  fiu)  ~  kT  is  now  being  approached,  especially  at  low  temperatures;  thus, 
additional  attenuation  processes  become  allowed. 

J.  B.  Thaxter 
C.  D.  Parker 

2.  Some  Comparative  Data  on  CdS  Transducers  from  14  MHz  to  70  GHz 

24 

As  mentioned  in  a  previous  Solid  State  Research  Report,  insulating  piezoelectric  CdS  film 
transducers  have  been  deposited  on  metallic,  nonmetallic,  and  semiconducting  materials  using 
a  simple  electron-bombardment  technique.  The  electromagnetic  frequency  range  of  excitation 
of  the  phonon  spectra  has  varied  from  14  MHz  on  aluminum,  to  70  GHz  on  z-cut  quartz.  Data 
have  now  been  obtained  by  pulse-echo  techniques t  which  allow  in  some  instances  comparisons 
to  be  made  between  the  performance  of  these  transducers  and  other  methods  of  acoustic  excitation 
commonly  used  in  the  same  situation;  e.g.,  for  metals,  comparison  is  made  with  resonant  quartz 
plates  bonded  to  the  end  faces,  while  for  piezoelectric  materials,  comparison  is  made  with  sur¬ 
face  generation.  Comparisons  are  for  the  same  material  under  nearly  identical  experimental 
conditions  with  respect  to  the  geometry  of  excitation,  electrical  matching,  temperature,  and 
frequency. 

The  measured  quantity  of  major  importance  is  the  insertion  loss.  This  is  the  difference  in 
RF  power  levels  between  the  initial  incident  pulse  and  the  first  returning  echo  less  the  attenuation 
in  the  medium  for  one  complete  trip  of  the  sound  packet.  To  assure  meaningful  results,  the 
megahertz  measurements  were  made  using  fixed-tuning  broad-band  structures  which  resulted 
in  bandwidths  in  excess  of  50  percent.  In  the  gigahertz  range,  conventional  re-entrant  cavity 
techniques  were  used,  resulting  in  bandwidths  of  the  order  of  20  percent.  Over  both  ranges, 
the  mode  of  excitation  was  determined  by  the  orientation  of  the  exciting  electric  field  with  respect 
to  the  plane  of  the  transducer,  which,  in  turn,  was  determined  by  the  special  geometrical  shapes 
of  the  electrodes.  It  should  be  pointed  out  that  the  insertion  loss  measurements  in  the  gigahertz 
region  are  inordinately  high  because  of  the  inefficient  use  of  the  exciting  electric  field.  Thus, 
comparisons  are  even  more  useful  in  this  case. 

Table  IV-1  presents  comparisons  in  terms  of  insertion  losses  for  appropriate  pairs  of 
measurements.  The  temperature  was  generally  300  °K  except  for  the  measurements  above 
1  GHz,  which  were  made  at  4.2  °K.  The  transducers  were  in  the  form  of  ^-inch  disks  whenever 
possible.  From  9  to  70  GHz,  the  CdS  transducers  were  excited  at  frequencies  ranging  from  the 
3rd  to  the  7th  harmonic. 

The  following  definite  conclusions  can  be  drawn  from  these  results. 

g 

(a)  Piezoelectric,  high-resistivity  (~10  -ohm-cm)  CdS  transducers  can 

be  vapor  deposited  in  a  reproducible  fashion  onto  metallic,  nonmetallic, 
and  semiconducting  media.  The  purity  of  the  longitudinal  mode  excited 
in  correct  geometries  indicates  that  the  transducer  c-axis  is  closely 
perpendicular  to  the  plane  of  the  transducer.  Moreover,  for  single 
crystals  and  for  certain  polycrystalline  materials,  the  deposited  CdS 
films  are  sufficiently  oriented  in  the  plane  to  also  provide  efficient 
excitation  of  the  transverse  mode. 

tk.  \\.  Mill  performed  the  \-band  measurements;  J.  B.  Thaxter  and  C.  D.  Parker  performed  the  measurements  at  70  ('.Hz. 
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(b)  Even  though  it  was  necessary  to  make  successive  depositions  to  obtain 
thick  films  (because  of  the  limited  capacity  of  the  apparatus),  there  is 
still  a  substantial  decrease  in  the  insertion  loss  to  be  obtained  by  use 
of  these  transducers  as  opposed  to  the  use  of  bonded  resonant  quartz 
plates  operating  on  their  fundamental  frequencies.  (Surprisingly,  there 
was  no  peeling  or  deterioration  of  the  thick,  layered  CdS  transducers 
as  they  were  cycled  between  room  temperature  and  4.2  °K.) 

(c)  From  14  MHz  to  9  GHz,  the  CdS  transducers  have  shown  decidedly 
superior  insertion  loss  characteristics  (~20-dB  improvement)  when 
compared  with  other  common  means  of  excitation  in  similar 
configurations. 

(d)  Transducers  of  the  order  of  0.1  -p  thickness  deposited  on  z-cut  quartz 
have  been  found  to  be  active  by  cavity  excitation  at  70  GHz. 

R.  Weber 

3.  Microwave  Phonon  Generation  at  24  and  70 GHz  Using  CdS  Thin- Film  Transducers 

Tests  to  determine  the  relative  transduction  efficiency  of  vapor-deposited  thin-film  CdS 
transducers!  were  made  at  both  24  and  70  GHz.  The  transduction  efficiency  at  24  GHz  of  several 
films,  acoustically  nonresonant  in  thickness  and  deposited  on  quartz  substrates,  was  comparable 
to  the  efficiency  observed  for  single-surface  generation  in  x-cut  quartz.  At  70  GHz,  the  CdS 
film  transducers  tested  on  z-cut  quartz  substrates  are  net  so  efficient  as  x-cut  quartz.  The 
above  results,  taken  together  with  the  findings  of  others  at  lower  frequencies,  indicate  that 
there  is  a  trend  for  the  relative  transduction  efficiency  of  the  CdS  to  decrease  at  the  higher 
frequencies.  One  possible  reason  for  this  could  be  roughness  of  the  substrate  surface,  which 
would  tend  to  inhibit  the  initially  deposited  layer  from  having  a  good  crystalline  structure. 

Attempts  to  detect  70-GHz  phonon  echoes  in  Al^O^  using  CdS  transducers  have  not  been 
successful.  Close  examination  of  the  surface  of  the  substrate  reveals  work  marks,  character¬ 
istic  of  polished  sapphire,  in  the  form  of  scratches  250  A  deep,  which  correspond  to  \/6  of  the 
acoustic  wave.  MgO  substrates,  which  can  provide  surfaces  of  high  optical  quality,  are  being 

prepared  for  use  at  70  GHz.  T  ~ 

1  K  J.  B.  Thaxter 

C.  D.  Parker 


C.  MAGNETISM 

1.  Classical  Ground  Spin  States  in  Normal  Cubic  Spinels  with  Nonmagnetic  A-Sites 

Ferromagnetic  CdCr?Se.  and  antiferromagnetic  ZnCr?Se.  are  both  spinels  with  nonmagnetic 
25  ^  L  4 

ions  on  their  A-sites.  They  both  possess  strongly  ferromagnetic  nearest-neighbor  Cr-Se-Cr 

90°  superexchange  interactions.  Weaker,  antiferromagnetic  next-nearest-neighbor  Cr-Se-Se-Cr 

interactions  can  play  a  decisive  role  in  determining  the  type  of  long-range  magnetic  order,  but 

25 

the  extent  to  which  these  interactions  are  influenced  by  the  A-site  cation  is  not  yet  known. 

In  an  attempt  to  answer  this  question,  we  have  begun  a  theoretical  investigation  of  the 
classical  ground  spin  state  in  these  materials.  The  classical  Heisenberg  energy  is  given  by 


t  These  films  were  prepared  by  R.  Weber  and  J.  W.  Burke  (see  Sec.  IV-B-2). 
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E  =  -  T.  J  S  •  S  =  -  J  Y  4  s  •  S  (4) 

^  nv,  mp  nv  mp  u  dny,  mp  nv  mp 

ny,  mp  rw,  mp 

where  S  is  a  unit  vector  in  the  direction  of  the  spin  on  the  nyth  site,  n  runs  over  the  unit  cells 

in  the  sample,  v  runs  over  the  four  different  B-sites  within  each  unit  cell,  the  J  are  the 

nv ,  mp 

usual  exchange  integrals  (>0  when  ferromagnetic)  multiplied  by  the  magnitudes  of  the  spins,  J 
is  the  dominant  nearest-neighbor  interaction,  and  the  5ni,  m|JL  are  ratios  of  the  other  interactions 
to  J.  It  is  convenient  to  work  with  the  Fourier  transform  of  Eq.  (4),^ 

E  =  —  2NJ  £  £  Q*(k)  •  Q^k)  (5) 

k  ^ 

where 

Sn„  =  Yj  Q„(k)  exp[ik  •  Rn|>]  (6) 

k 

L^>  =  J  Z  $nv ,mil  exP[ik  •  (Rm>l-Rni>)]  •  (7) 

m 

We  shall  use  the  notation  k  =  ( Ztt/sl q)  (h,  k,  f)  for  vectors  in  reciprocal  space,  and  R  =  (a^/4) 

(r,  s,  t)  for  vectors  in  real  space,  a  being  the  usual  cell  edge.  Thus,  R  =  R  +~p  where  the 

o  nv  n  v 

lattice  vector  R^  is  expressed  in  terms  of  the  basic  face-centered  translations  (2,  2,  0),  (2,  0,  2), 
and  (0,  2,  2),  and  where  the  four  B-sites  in  the  unit  cell  occupy  the  positions  =  (1,0,  1),  (0,  1,  1), 
(0,  0,  0),  and  (1,  1,  0)  as  v  runs  from  1  to  4. 

It  is  clear  from  Eq.  (4)  that  the  configuration  of  spin  vectors  which  minimizes  the  energy 

depends  only  on  the  ,  i.e.,  on  the  ratios  of  the  next-nearest-neighbor  interactions  to  the 

nearest-neighbor  exchange  J.  Here,  the  class  of  next-nearest-neighbor  interactions  is  taken 

to  include  all  superexchange  linkages  of  the  form  Cr-Se-Se-Cr,  regardless  of  the  actual  distance 

between  the  endpoints.  The  problem  is  difficult  because  of  the  variety  of  such  linkages  in  the 

spinel  lattice.  Some  of  the  distinct  types  of  linkages  are  illustrated  in  Fig.  IV-14.  For  example, 

the  lower  left-hand  corner  of  this  figure  shows  a  a-Se-Se-cr  and  a  7r-Se-Se-7r  path,  both  linking 

a  B4  site  with  another  B4  such  that  =  Rm|jL  -  Rn^  =  (2,  2,  0)  for  p  =  4.  Since  these  two  paths 

are  inseparable,  they  are  lumped  together  under  the  designation  U.  This  linkage  U  occurs  twice 

(once  as  shown  in  Fig.  IV-14  and  again  with  the  roles  of  the  c r-  and  7r-anions  reversed),  so  that 

the  total  superexchange  interaction  associated  with  this  is  2U.  As  shown  in  the  upper  left- 

hand  corner,  a  similar  total  superexchange  interaction  of  2V  is  associated  with  a  r  =  (2,  2,  0) 

n  p 

for  p  =  3.  The  linkage  V  differs  from  U  only  in  that  its  two  anions  share  an  A-site.  If  their 
interaction  with  this  A-site  ion  were  negligible,  then  V  would  equal  U. 

A  ( T-Se-Se-7r  linkage  between  a  B^  and  a  B4  with  t  =  (1,3,  0)  is  illustrated  in  the  upper 
right-hand  corner  of  Fig.  IV-14.  This  interaction  X  is  taken  to  include  the  interchange  of  the 
a-  and  7r-anion  roles.  These  anions  share  a  common  A-site,  and  X  =  V  in  the  limit  where  the 
superexchange  occurs  via  the  A-site  cation.  The  total  exchange  interaction  for  the  (2,  1,  1) 
family  of  is  more  complicated.  It  consists  of  two  a-Se-Se-7r  links  which  share  an  A-site, 
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|  3-SS-4869  1 


Fig.  IV—  1 4.  Cr-Se-Se-Cr  superexchange  linkages  in  the  (r,s,0)  plane 
of  a  selenio-chromite  spinel. 

plus  two  which  do  not,  plus  two  7r-Se-Se-7r  links  which  share  an  A-site,  plus  four  which  do  not. 
Let  2W  denote  the  sum  of  all  these  effects. 

Given  the  above  definitions,  one  obtains  for 

k  =  —  (0,  0,  h) 
a 

o 


L'  (h)  -  2(U  +  V)  +  4(U  +  V)  cos  2a 


for  all  |jl 


L'12(h)  =  LJ4(h)  =  (1  +  2X)  +  4W  cos  2a 

L^(h)  =  L^(h)  =  L^(h)  =  L^(h)  =  ( 1  +  4W  +  X)  cos  a  +  X  cos  3a 
L*  (h)  =  L'  (h) 

rp  pr 

where  a  =  7rh/2.  This  matrix  can  be  diagonalized  by  inspection  to  give 
\'t(a)  =  (1  +  2U  +  2V  +  2X)  +  (2  +  2X  +  8W)  cos  a 

+  4(U  +  V  +  W)  cos  2a  +  2X  cos  3a 

A^(a)  =  A^(a)  =  (-1  +  2U  +  2V  -  2X)  +  4(U  +  V  -  W)  cos  2a 

A^(a)  =  A. 4 ( 7r  -  a) 


(8) 


(9) 


The  corresponding  eigenvectors  *  (a)  are,  respectively,  1/2(1,  1,  1,  1),  1/n/"2(  1,  —  1,  0,  0), 
l/\/~2(0,  0,  1,  —  1),  and  1/2(1,  1,  —  1,  —  1).  The  first  of  these,  ^(a),  describes  the  ferromagnetic 
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state  when  a  =  0.  According  to  Eq.  (9),  this  can  be  the  ground  state,  i.e.,  the  minimum 
Heisenberg  energy,  only  when  its  eigenvalue  A^(0)  is  the  maximum  (over  both  a  and  a)  of  the 


above  eigenvalues.  Thus,  one  finds  that 

1  +  8U  +  8V  +  12W  -  2X  >0 

(10) 

1  +  4W  +  2X  >  0 

(11) 

1  +  2U  +  2V  +  2W  +  2X  >0 

(12) 

are  necessary  conditions  for  ferromagnetism.  These  equations  place  rather  stringent  restric¬ 
tions  on  the  possible  magnitude  of  the  next-nearest-neighbor  interactions  in  CdCr^Se^. 

For  values  of  the  exchange  parameters  U,  V,  W,  and  X  which  satsify  Eqs.  (11)  and  (12), 

but  not  Eq.  (10),  A’ (ct)  is  maximum  for  a  finite  value  of  cr.  Then,  A' (a)  corresponds  to  a  (0,  0,  1) 
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spiral  of  the  type  observed  in  ZnCr^Se  A  detailed  investigation  of  this  region  of  the  param¬ 


eter  space  is  in  progress. 


K.  Dwight 
N.  Menyuk 


2.  Magnetic  Resonance  Measurements  on  CdC^S^ 

Preliminary  X-band  magnetic  resonance  line-width  measurements  on  polycrystalline 

CdCr^S^,  prepared  by  A.  Wold  of  Brown  University,  have  been  made  as  a  function  of  temperature 

from  4.2°  to  295  °K.  The  line  width  decreases  from  approximately  700  Oe  at  4.2  °K  to  420  Oe  at 

71  °K,  at  which  point  there  is  a  sharp  decrease  to  85  Oe  at  106  °K.  Then  the  line  width  remains 

essentially  constant  at  85  Oe  up  to  295  °K.  This  qualitative  behavior  of  the  temperature  dependence 
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of  the  line  width  is  in  agreement  with  the  susceptibility  measurements  of  Menyuk,  et  al.,  who 
found  a  Curie  temperature  of  86 °K.  The  increasing  line  width  with  decreasing  temperature 
below  the  Curie  point  is  presumably  attributable  to  magnetocrystalline  anisotropy  of  the  sample. 
The  point  of  interest  in  studying  the  line  width  in  ferromagnetic  chalcogenides  such  as  CdCr^S^ 
is  that  these  materials  are  ferromagnetic  spinels  which  have,  in  contrast  to  the  well-known 
ferrites,  an  ordered  structure,  and  hence  might  be  expected  to  exhibit  a  narrow  ferromagnetic 
resonance  line  width.  The  possibility  of  preparing  and  measuring  single  crystals  is  being 

exPlored-  r.  Weber 

P.  E.  Tannenwald 
J.  W.  Burke 


3.  Magnon  Dispersion  Relation 

29 

In  a  previous  Solid  State  Research  Report,  Marshall’s  model-independent  argument  was 
used  (a)  to  predict  the  temperature  dependence  of  the  magnon  dispersion  relation 

e,  =  D  (1  -  GT5//2  +  LT?//2  +  .  .  .  )  k2  -  F  (1  -  HT5//2  +  .  .  .  )  k4  +  .  .  .  (13) 

k  o  o 


and  (b)  to  relate  G,  H,  and  L.  We  have  since  obtained  explicit  expressions  for  these  coefficients 
for  the  case  of  the  Heisenberg  model. 

We  also  found  that  the  ratio  H/G  is  surprisingly  simple: 


H  =  <r6> 

G  [<r4>]2 


(14) 
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f  f  2  £ 

where  <r  >  =  Z  r  J(r)/Z  r  J(r).  Now,  <(r  >  is  proportional  to  the  temperature-independent 

r  r  31 

coefficient  of  the  k*  term  in  the  dispersion  relation  [Eq.  (13)],  which  has  been  recently  measured 

through  order  for  Fe  by  inelastic  neutron  scattering.  The  value  for  the  right-hand  side  of 
32 

Eq.  (14),  calculated  from  these  neutron  data  on  Fe,  are  in  order-of-magnitude  agreement  with 

the  value  of  H/G  obtained  from  spin  wave  resonance  experiments^  on  63%Ni-37%  Fe  permalloy 

film,  providing  a  crude  check  on  these  predictions  based  on  the  Heisenberg  model.  Tentative 

34 

arrangements  are  being  made  to  take  all  the  pertinent  measurements  on  the  same  material. 

H.  E.  Stanley 
T.  A.  Kaplan 


4.  Space-Time  Symmetry  Restrictions  on  Transport 
Coefficients  -  Comparison  of  Two  Theories 

The  space-time  symmetry  restrictions  on  transport  coefficients  given  by  two  recent 
35  3  6 

theories  9  have  been  compared  and  the  differences  exhibited  in  detail  for  the  zero-magnetic- 
field  electrical  conductivity.  The  symmetry  restrictions  of  one  of  the  theories3^  have  been 
shown  to  be  inconsistent  with  the  existence  of  the  extraordinary  Hall  effect  in  ferromagnets. 

W.  H.  Kleiner 


D.  NONLINEAR  OPTICS 

1.  Stimulated  Raman  Scattering  in  Quartz 

Experiments  previously  reportedt  in  quartz  have  been  extended  to  low  temperatures. 
Samples  are  mounted  on  the  end  of  a  cold  finger  in  a  vacuum  chamber  of  a  helium  dewar.  The 
sample  temperature  is  estimated  to  be  10°  to  15  °K.  The  -200-MW  ruby  laser  beam  is  focused 
by  an  external  lens  onto  the  sample  through  a  fused  quartz  window  in  the  dewar,  and  the  scattered 
radiation  is  detected  about  the  forward  direction  through  a  similar  window. 

Compared  with  room-temperature  operation,  the  threshold  at  low  temperatures  for  stim¬ 
ulated  Brillouin  scattering  is  only  slightly  lower,  while  there  is  a  significant  reduction  for 
stimulated  Raman  emission,  presumably  because  the  spontaneous  line  is  narrower.  Since  there 
is  only  slight  sample  damage,  many  repeated  measurements  can  be  made.  The  following  stim¬ 
ulated  shifts  were  observed: 


Sj  =  463  cm 

-  2  X  466  cm 

=  3  x  466  cm 

S  =  4  x  466  cm 
4 

=  5  X  467  cm 


ASt  -  469  cm 
AS2  =  2  X  468  cm 
AS3  =  3  X  467  cm 

AS.  =  4  X  467  cm 

4 


t  Solid  State  Research  Report,  Lincoln  Laboratory,  M.I.T.  (1965:3),  p.  18,  DDC  629048. 
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In  addition  to  the  466-cm  line  and  its  multiples,  the  very  strong  128-cm  line  of  the 

classical  Raman  spectrum  of  quartz  belonging  to  the  doubly  degenerate  class  E  was  observed, 
but  only  when  the  laser  beam  (propagating  along  the  x-axis)  was  polarized  perpendicular  to  the 
c-axis.  This  agrees  with  the  selection  rule  e zz  =  0,  where  eik  are  the  components  of  the  Raman 
scattering  tensor.  The  scattered  radiation  was  strongly  polarized  so  that,  of  the  allowed  transi¬ 
tions,  is  strong  and  must  be  weak.  A  variety  of  combination  lines  was  generated,  as 
shown  in  Fig.  IV-15,  with  the  actual  wave-number  shifts  at  low  temperature  averaging  near 
132cm 

~[3~-80-«T68l 

as2  as,  laser  s,  s2  s3  s4 


Fig.  IV-15.  Multiple  shifts  and  combination  lines  occurring  in  stimulated 
Raman  spectrum  of  quartz.  All  shifts  are  in  cm'l 

- 1 

A  rough  mapping  out  of  the  angular  distribution  of  the  466-cm  stimulated  Raman  radiation 
up  to  15°  showed  that  all  lines  peak  up  in  the  forward  direction.  This  is  expected  from  the  very 
small  dispersion  of  quartz  in  this  part  of  the  spectrum  and  the  phase-matching  condition.  The 
absence  of  an  additional  angular  peak  in  AS^  radiation,  in  which  phase-matched  extraordinary 
AS^  radiation  is  excited  from  incident  laser  radiation  polarized  as  an  ordinary  ray,  follows 
the  selection  rule  e.^  =  0  for  the  totally  symmetric  class  A  vibration. 

P.  E.  Tannenwald 
F.  H.  Perry 

2.  Temperature  Dependence  of  Incoherent  Second  Harmonic  Light 
Scattering  in  Liquids 

37 

The  incoherent  second  harmonic  scattering  in  water  of  a  ruby  laser  beam  increases 
approximately  linearly  with  decreasing  temperature,  below  room  temperature,  and  has  about 
doubled  at  8°C  as  shown  in  Fig.  IV- 16.  The  measurements  were  undertaken  in  order  to  study 
the  intermolecular  orientation  correlations  in  liquids.  It  was  deduced  from  the  symmetry  of 
the  second  harmonic  polarizability  tensor  that  the  undisplaced  component  of  scattering  arises 
only  from  orientation  fluctuations,  rather  than  from  density  fluctuations.  This  contrasts  with 
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Fig.  IV- 16.  Temperature  dependence  of  incoherent 
second  harmonic  scattering  intensity  in  water.  Error 
bars  represent  standard  deviations. 


Rayleigh  scattering  in  liquids,  which  arises  almost  entirely  from  density  fluctuations,  and  to 
that  extent  depends  only  on  the  thermodynamic  properties  of  the  liquid.  It  was  expected  that 
changes  in  the  orientation  correlations  could  most  easily  be  observed  by  varying  the  temperature. 
The  temperature  dependence  of  the  depolarization  has  not  been  measured. 

Scattering  was  first  detected  here  with  an  experimental  setup  which,  although  basically 
similar  to  that  of  Terhune,  et  al.,^7  differed  in  having  a  laser  pulse  duration  of  less  than  20 
instead  of  80  nsec,  a  breakdown  threshold  for  water  of  0.2  instead  of  1  MW,  a  cylindrical  sample 
cell  with  a  collection  lens  at  f/l.4  (at  90°  to  the  incident  beam)  instead  of  a  cell  of  rectangular 
cross  section  with  a  mirror  at  f/l,  and  possibly  a  smaller  focal  spot.  The  water  used  was 
doubly  distilled,  conductivity-monitored,  and  passed  through  a  0.5-p  pore  size  Millipore  filter 
into  a  carefully  cleaned  cell.  The  need  to  operate  almost  at  breakdown  threshold,  and  the  output 
capability  of  the  laser,  limited  the  pulse  length  and  focal  spot  size.  Apparently  as  a  result  of 
these  differences,  at  most  two  photoelectrons  per  laser  pulse,  of  second  harmonic  signal  into 
a  500-cni  bandwidth,  could  be  obtained  (and  that  only  with  very  careful  adjustment)  instead 
of  the  more  than  100  photoelectrons  into  an  80 -cm  1  bandwidth  found  by  Terhune,  et  aT.37  The 
bandwidth  determines  the  monochromator  slit  width.  Since  the  laser  could  be  fired  only  about 
once  every  minutes,  a  600 -cm  *  bandpass  filter  was  substituted  for  the  monochromator  in 
order  to  collect  data  at  a  reasonable  rate.  (The  wavelength  of  the  signal  was  verified  by  inter¬ 
changing  it  with  a  similar  filter  with  pass  band  350  cm  centered  750cm  1  toward  longer  wave¬ 
lengths.)  Signals  of  about  20  photoelectrons  were  then  found  at  room  temperature.  Coherent 
second  harmonic  production  in  quartz  by  a  small  fraction  of  the  beam  was  used  as  a  monitor, 
but  there  was  little  correlation  between  the  changes  in  pulse  height  or  shape  on  the  two  channels 
at  constant  temperature,  possibly  because  the  independent  modes  of  the  laser  pulse  combine 
differently  in  incoherent  and  coherent  second  harmonic  generation.  The  temperature  was  varied 
by  the  rate  of  flow  of  cold  nitrogen  gas  over  the  sample  cell,  and  was  measured  by  two  thermo¬ 
couple  junctions  near,  equidistant  from,  and  on  opposite  sides  of  the  focal  region. 
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The  density  maximum  in  water  at  4°C  suggests  a  two-phase  model  for  its  structure,  with 

the  denser  phase  having  a  higher  free  energy,  and  a  population  therefore  increasing  with  tem- 
38 

perature.  Hall  proposed  such  a  model,  perhaps  the  most  often  quoted  model  of  the  structure 

of  water,  in  order  to  account  for  the  measured  acoustic  attenuation.  His  model  cannot  explain 

the  present  results,  because  he  deduced  a  free  energy  of  activation  equivalent  to  250  °K,  while 

Fig.  IV-16  yields  3000  °K.  In  other  words,  increasing  temperature  transfers  too  few  molecules 

from  the  low-temperature  ordered  phase,  to  the  high-temperature  disordered  phase,  to  fit  our 

experiment.  One  may  probably  say  that  the  region  of  orientational  correlation  shrinks  rapidly, 

approaching  a  single  molecule,  as  water  is  heated.  This  suggestion  is  consistent  with  the  pair 
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distribution  of  intermolecular  distances,  found  by  x-ray  diffraction4,  which  should  be  a  valid 

criterion  for  associated  liquids  such  as  water.  For  uniform  correlation  within  equal  volumes  V 

of  single  phase  liquid,  and  no  correlation  among  them,  the  scattering  intensity  is  proportional 

to  V.  One  then  anticipates  that  nonassociated  liquids  will  show  less  temperature  dependence 

of  second  order  incoherent  light  scattering,  since  they  have  weaker  intermolecular  orientational 

correlation  than  water.  ___  _  , 

D.  L.  Weinberg 

3.  Possibility  of  Self- Focusing  Due  to  Nonlinear  Anomalous  Dispersion 

Here  we  point  out  that,  close  to  an  atomic  resonance,  the  dependence  of  the  real  part  of  the 
susceptibility  on  power  level  (i.e.,  saturation  effects)  can  be  sizable  and  therefore  lead  to  self¬ 
trapping  or  self-focusing.  The  details  of  the  self-focusing  effect  due  to  a  nonlinear  increase  in 

40  4 1 

index  of  refraction  have  been  treated  elsewhere.  4 

For  a  homogeneously  broadened  line,  the  expansion  of  the  well-known  formula  for  the 
susceptibility  as  a  function  of  electric  field  gives  a  change  in  index  6n  proportional  to  the  inten¬ 
sity,  i.e., 

6n=  Xres(w)  ((fi‘^2E2T'2)  [1  +  («  -  u>0)2  T2]"1}  (15) 


where 


=  *res(wo>  K  "  «>  T  f1  +  (^-u»0)2T2f1  (16) 

is  the  real  part  of  the  linear  susceptibility  due  to  the  atomic  or  molecular  resonance.  For  an 
inverted  system,  xJ.ejg(w)  is  negative  on  the  low-frequency  side  of  the  atomic  resonance.  In 
Eq.  (15),  ?  is  the  dipole  matrix  element,  T  is  the  inverse  of  the  line  width,  c o  is  the  operating 
frequency,  and  a;Q  is  the  resonance  frequency.  T*  is  a  characteristic  time  which  is  determined 
by  the  lifetimes  of  the  atomic  levels  and  is  different  for  transient  as  opposed  to  steady-state 
response.  For  an  atomic  system  giving  rise  to  Q-switched  or  CW  laser  operation,  sizable 
intensities  can  be  obtained  which  make  the  term  in  braces  of  the  order  of  unity.  Furthermore, 
the  same  considerations  hold  if  the  system  is  used  as  an  amplifier  operated  near  saturation.  We 
shall  assume  that  the  atomic  distribution  and  the  level  populations  are  reasonably  homogeneous 
throughout  the  region  of  interest,  so  that  spatial  inhomogeneities  in  the  linear  index  do  not 
obscure  the  focusing  effect. 
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We  note  that  for  a  CCL  laser  at  moderate  pressures,  where  the  line  is  homogeneously 
^  -  6 

broadened  because  of  collisions,  6n  «1.2X  10  when  the  gain  is  a  factor  of  3  per  meter  and 
-  w)  T  «  1.  For  a  Q-switched  ruby  laser  operated  at  room  temperature,  where  the  line  is 
predominantly  homogeneously  broadened,  we  estimate  that  for  normal  pink  ruby  6n  «  1.7  X  10 
if  (cjq  —  cj)  T  »  1. 

Self-focusing  is  possible  when 


6n  >  <5n 

cr 


(1.22  \)Z 

8n  d2 
o 


(17) 


where  d  is  the  diameter  of  the  beam.  Self-trapping  occurs  when  6n  takes  on  its  critical  value. 

In  practical  situations,  6ncr  is  of  the  order  of  10  ”7  so  that  sizable  self-focusing  and  trapping 
is  likely  for  the  cases  mentioned  above.  These  effects  might  account  for  the  filamentary  nature 
of  the  output  of  Q-switched  ruby  lasers  as  well  as  other  laser  systems,  such  as  semiconductor 
lasers.  According  to  our  analysis,  the  presence  of  filamentary  structure  should  be  accompanied 
by  operation  of  the  laser  on  the  low-frequency  side  of  the  resonance.  It  should  also  be  mentioned 
that  important  effects  on  the  operating  characteristics  of  the  laser  may  occur  because  self¬ 
trapping  will  lead  to  propagation  through  the  region  where  the  density  of  excited  atoms  is 
maximum. 

For  an  inhomogeneously  broadened  line,  Eq.  (15)  is  correct  provided  |  cj  —  >  Au,  where 

Acj  is  the  inhomogeneous  width.  However,  within  this  line  in  a  traveling-wave  situation,  the 
index  change  should  be  markedly  reduced  from  the  homogeneous  value  by  a  factor  of  (TAcj)  ; 
but,  in  a  gaseous  system,  the  result  for  the  standing-wave  case  is  again  similar  to  Eq.  (15)  and 
occurs  because  of  the  same  effect  which  leads  to  the  Lamb  dip.  In  this  case,  expressions  (15) 
and  (16)  still  roughly  hold  when  |w  -  w  |T  <  1.  High-gain  CW  gas  lasers  such  as  Xe  laser 
transitions  are  likely  candidates  for  the  study  of  the  self-focusing  effect. 

P.  L.  Kelley 

A.  Javant 


t  Department  of  Physics,  M.I.T. 
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